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P waveforms from small intraplate earthquakes observed at teleseismic distances often 
exhibit discrete arrivals which are easily interpreted in terms of a direct P phase and 
associated surface reflections. These arrivals contain information about the P and S 
radiation pattern at the source. This thesis attempts to quantify how much information 
about the source is contained in seismograms from small disturbances. 
In the first study, regional surface waves and P waves recorded at teleseismic dis-
tances by short period (SF), long period (LP) and broadband (BB) seismographs are 
analysed to determine the source parameters of the Völkershausen seismic disturbance 
of 13 March 1989. This disturbance is the source of some controversy, with many pro-
posed source mechanisms, including a shallow multiple mine collapse. Application of 
the relative amplitude method and forward modelling of the P waveforms recorded at 
teleseismic distances suggests that the data are consistent with a sub-vertical normal 
dip slip fault striking northwest-southeast at a depth of 6.5 km. Forward modelling 
of the surface waves recorded by the Blacknest broadband network shows that the 
observed surface waves are consistent with this source model. Examination of SF seis-
mograms from the French network and waveforms from the Gräfenberg array, in the 
distance range 100 to 500 km, show no large R9 phase, which would be expected for a 
shallow mine collapse. 
In a second study, over 50 small earthquakes in the 1976 Gazli sequence were anal-
ysed based on SP array station recordings. Pearce et a! (1980) studied 21 of these 
earthquakes using the relative amplitude method (Pearce 1977, 1980), assuming an a 
priori double couple source, and found that the observed waveforms were consistent 
with 45° reverse dip slip faults striking northwest-southeast. Processing of the array 
waveforms allows these 21 earthquakes and a further 17 earthquakes to be analysed 
using the relative amplitude method of Pearce & Rogers (1989) which allows both the 
source orientation and the source type to be independently determined. The source 
type is poorly constrained, except for a few of the larger magnitude disturbances. All of 
the waveforms recorded from the 38 earthquakes studied are compatible with a double 
couple source, generally with a 45° reverse dip slip mechanism. However, the strike is 
poorly constrained. The 38 earthquakes are also processed using the Gaussian relative 
amplitude method of Rogers & Pearce (1992), which allows a 'best-fit' double couple 
source to be determined with statistical weights for each earthquake. The majority of 
the 'best-fit' solutions are 45° reverse dip slip faults striking northwest-southeast. 
The SP array seismograms for 21 earthquakes were converted to 'phaseless' BB 
waveforms using the method of Douglas et al (1987). The rise time of the BB P pulse 
is used to constrain the maximum amount of anelastic attenuation along the path to 
each array station. The anelastic attenuation for the paths to the array stations was 
also estimated using a frequency domain technique that utilises the relatively broad 
frequency bandwidth of the SP array (1-8 Hz) seismograph. The results indicate 
that the quality factor, Q for paths to YKA (Canada), WRA (Australia) and EKA 
(Scotland) is about 2000, while that to GBA (India) is about 1000. 
The derived BB waveforms are corrected for the effects of anelastic attenuation, 
allowing an estimate of the far-field source-time function to be made. The results 
suggest that there is no evidence of source complexity or directivity. A method is 
derived that allows an estimate of the scalar moment, M0 , to be made from the area 
of the P and pP pulses on the corrected BB seismograms. This allows full moment 
tensor solutions to be determined using teleseismic observations of earthquakes in a 
magnitude range m, [4.0, 5.2] previously inaccessible using global network data. 
Analysis of variance suggests that both the source radiation pattern and the anelas-
tic attenuation along the path to each array station, contribute significantly to the 
uncertainty in body wave magnitude observations. 
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The ability to discriminate between natural and man made seismic disturbances is 
of great interest seismologically, especially for small seismic disturbances close to the 
detection threshold of existing station networks. Discrimination between small seismic 
sources is also of interest politically, as the smallest explosion that can be positively 
identified represents the limiting size at which a Comprehensive Test Ban Treaty could 
be verified using seismological means. Conversely, if a seismic disturbance can be 
positively identified as a natural earthquake then that disturbance can be eliminated 
from further verification procedures. 
Many seismological criteria have been proposed to discriminate between earth-
quakes and underground nuclear explosions. Earthquakes may appear 'suspicious' if 
they are located away from well known plate boundaries in regions where seismicity is 
low. It is well known that body wave seismograms recorded at teleseismic distances from 
small intraplate earthquakes are often 'simple', exhibiting discrete arrivals comprising 
direct P and associated surface reflections. These 'simple' earthquake seismograms 
may appear at first sight to resemble those from explosions. 
There are many methods commonly used to estimate the source parameters of 
seismic disturbances. The most successful, in terms of the number of solutions obtained, 
is the Centroid Moment Tensor (CMT) method of Dziewonski, Chou & Woodhouse 
(1981). The CMT method is routinely used to estimate the radiation pattern, size, 
location and depth of large and intermediate magnitude disturbances. However, the 
method does not give reliable source parameters for small sources with body wave 
1 
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magnitude, m& < 5.0. Reliable source parameters and depths for shallow sources (< 10 
km) are also not possible using the CMT method. The parameterisation constrains 
the volume change at the source to be zero. These constraints mean that the CMT 
method cannot be used for discrimination. Other methods of constraining various 
source parameters include the 'first motion' method, waveform modelling, time and 
frequency domain inversions, deconvolution methods and relative amplitude methods. 
The relative amplitude method of Pearce (1977, 1980) and Pearce & Rogers (1989) 
utilises the amplitude and polarity information contained in the direct P and surface 
reflected phases to constrain the form of the source radiation pattern (described by 
the moment tensor, M) enabling discrimination between a seismic source possessing a 
significant amount of volume change and the double couple earthquake source model. 
Methods of determining the moment tensor parameters are reviewed in chapter 2. 
If the surface reflected phases recorded at teleseismic distances can be identified, 
they can be used to constrain the source depth if the crustal structure of the epicentral 
region is well known. The depth of a seismic source is an effective discriminant, as a 
man made source of similar size to a small earthquake (Mb "- 4.0) is unlikely to be at 
a depth greater than 2 km. 
Chapter 3 presents a study of an unusual seismic disturbance that took place near 
Völkershausen, Germany. The study tests the ability of the relative amplitude method 
(Pearce & Rogers 1989) to discriminate between a multiple mine collapse mechanism 
and a double couple source. Forward modelling of the waveforms observed at teleseis-
mic distances provides a way of estimating the focal depth of the source by matching 
observed and synthetic surface reflected phases. Rayleigh waves recorded by the Black-
nest broadband network are analysed in both the time and frequency domain in an 
attempt to independently constrain the source depth. Short period (SP) waveforms 
derived from the Blacknest and Gräfenberg broadband networks, and the SP wave-
forms from the French network are examined in an attempt to identify the crustally 
guided R. phase, which is known only to have a large amplitude when excited by 
sources at a depth less than 3 km (Ruud, Husebye & Hestholm 1993). 
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The remainder of this study (chapters 4 to 7) is an analysis of the intraplate earth-
quake sequence that occurred near Gazli, Uzbekistan in 1976. Waveforms from over 50 
earthquakes were recorded at teleseismic distances over a wide range of azimuths by SP 
array stations. The waveforms are generally 'simple', exhibiting discrete impulsive ar-
rivals. Pearce, Bainbridge, Young & Key (1980) applied the relative amplitude method 
(Pearce 1977, 1980) to 21 of the earthquakes and showed that the array waveforms are 
consistent with 45° reverse dip slip faults, generally striking northwest-southeast 
In chapter 4 the moment tensors for 38 small earthquakes 
(Mb [4.0, 5.2]) in the 
1976 Gazli sequence are determined using the relative amplitude method (Pearce & 
Rogers 1989). A modification of the relative amplitude method, the Gaussian relative 
amplitude method (Rogers & Pearce 1992), allows an estimate of a 'best-fit' fault plane 
solution for each of the 38 earthquakes to be made. 
In chapter 5 the method of Stewart & Douglas (1983) is used to derive 'phaseless' 
broadband (PBB) waveforms from the SP array seismograms for 21 of the earthquakes 
in the 1976 GazIl sequence. An estimate of the maximum amount of anelastic attenu-
ation is possible by measuring the rise time of the direct PBB P pulse. The anelastic 
attenuation can also be estimated independently using a spectral method which utilises 
the broad frequency bandwidth of the SP array instruments. The size of the source, 
represented by the scalar moment, M0 , can be estimated using a modification of the 
deconvolution method proposed by Douglas, Marshall & Young (1987) to estimate 
the yield of explosions from the area of the P pulse on attenuation corrected PBB 
seismograms. 
In chapter 6 synthetic seismograms are calculated using estimates of the scalar 
moment and anelastic attenuation obtained in chapter 5. Comparison of synthetic and 
observed seismograms should determine if these estimates are consistent. The waveform 
modelling enables the depth and fault size of 38 of the earthquakes to be estimated. 
A widely used discriminant is the M. : m, criterion which is based on the observed 
spectral differences between an explosion and an earthquake. M3 is the surface wave 
magnitude measured from the vertical component Rayleigh wavetrain, usually at a pe-
riod of about 20 seconds. m& is the body wave magnitude measured from the vertical 
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component SP P waves at a period of about 1 second. The M3  : Mb criterion dis-
criminates between earthquakes and explosions in a large number of cases. However, 
it is known that the M3  : Mb discriminant is ineffective for 450 reverse dip slip faults. 
The reasons for this are twofold: the first is that the spectrum of Rayleigh waves from 
shallow 450 reverse dip slip faults has a notch at a period of about 20 seconds, which 
tends to bias M3  low. The second is that mb measured from 450 reverse dip slip faults is 
biased high compared with Mb estimated from other fault orientations. This is because 
the majority of direct P 
waves observed at teleseismic distances are radiated close to 
the antinode of the double couple radiation pattern. Both of these effects have been 
shown to be significant using synthetic data. 
Marshall & Basham (1972) developed an improved M3  scale that contained a period 
dependent path correction, which greatly improves discrimination between explosions 
and earthquakes in North America and Eurasia. However, attempts to correct 
Mb for 
radiation pattern effects have proved largely unsuccessful. 
This suggests that the study of 45° reverse dip slip fault mechanisms from the 1976 
Gazli sequence may be important in the context of discriminating between explosions 
and earthquakes. In chapter 7 the estimates of the radiation pattern and anelastic 
attenuation are used to correct the amplitudes of the direct 
P phase, and hence the 
measured value of mb. 
Analysis of variance techniques allow the significance of both 
the radiation pattern and path effects to be estimated. 
Chapter 2 
Methods of Moment Tensor 
Determination 
2.1 The Seismic Moment Tensor 
The seismic moment tensor, M, was first proposed by Gilbert (1970) to describe an 
earthquake source. M depends on the source strength, the source orientation and on 
the source type, a case of which is the double couple. For earthquakes studied in the 
far field a point source approximation is usually made. For a point source the moment 
tensor, M 3 , is a symmetric 3x3 matrix with six independent elements. The elements 
of the moment tensor represent the nine possible principal couples that can act at a 
point source (figure 2.1). 
The source strength is governed by the scalar moment, M0 = piiS, where p is the 
rigidity of the source medium, zi is the average value of the slip over the fault surface 
and S is the area of the fault surface. 
The source orientation is governed by the direction of the orthogonal eigenvectors 
of the moment tensor M 13 . The eigenvectors represent the directions of maximum, 
minimum and intermediate moment. For a double couple source the directions of 
these eigenvectors can be related to the orientation of a fault plane and an orthogonal 
auxiliary plane. A limitation of the point source approximation for a double couple is 
that the fault and auxiliary planes are indistinguishable as no finite source properties, 
such as Doppler effects, are accounted for in the model. 
5 
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The source type is governed by the eigenvalues of the moment tensor M 13 . When 
M 3  is diagonalised following the parameterisation of Pearce & Rogers (1989) (see Ap-
pendix A). The source type contains a deviatoric part, T [-1.0, 1.0], and a volumetric 
part, k [-1.0, 1.0]. For a source type with no volume change, k = 0, and the sum of 
the eigenvalues A + A 2  + A3 = 0.0. For a double couple source T = 0.0, k = 0.0 and 
the eigenvalues A 1 = M0 , A 2 = 0.0 and A 3 = — M0 . The compensated linear vector 
dipole (CLVD) proposed by Knopoff & Randall (1970) as a possible source mecha-
nism for deep earthquakes is represented by k = 0.0, T = —1.0, with eigenvalues 
A t = — M012, A2 = — M0 12 and A 3 = M0 . Physically the CLVD represents a sud-
den change in rigidity at the source. The parameterisation of Pearce & Rogers (1989) 
allows all possible types of point source to be plotted on the equal—area source type 
plot of Hudson, Pearce & Rogers (1989) shown in figure 2.2. The vectorplot, shown in 
figure 2.3, of Pearce (1977) can be used to represent the orientation of the eigenvectors 
of M23 . The orientation of the eigenvectors is parameterised using the angles a, 5 and 
. For a double couple, a is the strike angle measured clockwise from north, 5 is the 
dip angle measured from the horizontal and ip is the slip angle of a fault plane (Pearce 
1977). Generally, the eigenvectors do not correspond to the principal stress axes, a, a2 
and a3. For a double couple source the fault plane does not bisect the 0' 1 and a2 axes. 
Historically, the study of the seismic source involved finding a fault plane solution 
based on P wave first motions. The resulting fault plane solution was originally based on 
a single couple source model, which was rejected as angular momentum is not conserved, 
and was shown to be inconsistent with S wave observations. The single couple source 
model was replaced by the double couple model, which as shown above is a solution of 
the moment tensor. The introduction of computers gave rise to a number of publications 
describing methods that constrain the whole of the moment tensor. However, a brief 
historical review of these methods shows that the results from computational methods 
can be misleading in some circumstances if observed seismograms are simply digitised 
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Figure 2.1. The nine possible principal couples that can act at a generally orientated 
point source (modified from Aki & Richards (1980)). 
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1.1 
Explosion k = 1.0 
Implosion k = —1.0 
Figure 2.2. The 'source type plot', annotated to show the position of several widely 
proposed source types (based on Pearce & Rogers (1989)). The centre of the circle 
represents the double couple source type. 
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Figure 2.3. The vectorplot for a double couple source showing the position of common 
fault types. A single fault plane orientation is represented by a vector drawn in the 
strike direction (a) at the grid point defined by the dip (5) and slip () angles (after 
Pearce (1977)). 
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2.2 First Motion and Related Methods 
2.2.1 P Wave First Motions 
This method is based on the observation at teleseismic, local and regional distances of 
compressional and dilatational first motions. The first working method was developed 
by Byerly (1928) based on Reid's elastic rebound theory and assumed a single couple 
source. Ritsema (1955) introduced the concept of the focal sphere and used a Wulff 
net projection to find a fault plane solution. Honda (1962) solved the problem using 
the Schmidt equal area stereographic projection. 
With the advent of computers at the beginning of the 1960's the fault plane solu-
tion could be found using numerical methods. Knopoff (1961) was the first to use a 
numerical method based on the probability of correctly observed amplitude readings at 
a given station. The algorithm used was later reformulated by Kasahara (1963) using 
spherical coordinates for the focal sphere and station weightings. Keylis-Borok, Pis-
arenko, Pyatetskii-Shapiro & Zhelankina (1972) used a maximum likelihood approach 
that was extended by Brillinger, UdIas & Bolt (1980) to cover groups of earthquakes 
in the same epicentral area. The method of Brillinger et al (1980) allows individual 
solutions to be obtained, and an estimate of the standard error in the parameters to 
be made. 
The main advantage of the first motion method is that it is easy to use. However, 
the binary nature of the information means that a large number of observations with 
exceptionally good focal sphere coverage is needed to obtain a well constrained solution. 
Generally, solutions suffer from non—uniqueness. However, nodal P observations and 
other information, such as the polarity of the phases SHand SV(Buforn & UdIas 1984) 
can help to constrain further the fault plane solution. 
2.2.2 Polarisation of S Waves 
S wave polarisation angles were first used by Gutenberg (1955) in an attempt to dis-
criminate between the single and double couple source models. The single and double 
couple source P wave radiation patterns are identical, but the S wave radiation patterns 
differ. Stauder (1960) developed . a graphical method using S wave polarisation data to 
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determine the source mechanism. Stauder & Bollinger (1966) used P wave and S wave 
data to determine the focal mechanisms of many earthquakes in 1963, establishing ev- 
idence that the double couple source is consistent with the observed S wave radiation 
pattern. 
UdIas (1964) developed a numerical method using long period (LP) teleseismic S 
waves to test the single and double couple source models. Hirasawa (1966) reformulated 
the problem for the double couple model, obtaining a solution by minimising the sum of 
the squares of the residuals. Other numerical methods have been proposed by UdIas & 
Baumann (1969), Chandra (1971), and most rigorously by Dillinger, Harding & Pope 
(1972) with the formulation of a likelihood function involving S wave polarisation and P 
wave polarity data. The solution is found by numerical maximisation, and an estimate 
of the error is measured by the 'fiducial' regions (Pope 1972) around the poles of the 
two nodal planes. 
S wave polarisation data provide much more information than P wave polarity mea-
surements and when combined, better constrained solutions are obtained than when 
using P wave polarity measurements alone. S wave polarisations also provide a way of 
discriminating between the single and double couple source models. Problems measur-
ing the S wave polarisation angles are caused at epicentral distances ii 42° where 
emerging S waves at the free surface undergo total internal reflection resulting in com-
plicated observed particle motions (Nuttli & Whitmore 1962). Another drawback is 
that the direct S wave is often masked by coda caused by S to P conversions near the 
receiver. Older measurements of S wave polarisations from three component stations 
were often unreliable due to poor cross-component calibration. 
2.2.3 Absolute Amplitudes 
Randall & Knopoff (1970) contoured absolute P wave teleseismic amplitudes projected 
on a lower hemisphere focal projection. They were able to constrain the orientation 
and the deviatoric part (constant volume) of the moment tensor. The main problem 
with absolute amplitude methods is the need to account for path effects caused by 
anelastic attenuation. 
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2.3 Forward Modelling Waveform Methods 
2.3.1 Absolute Amplitude Methods 
In an attempt to obtain more information about the source, synthetic seismograms 
were generated numerically by Helmberger (1974) for LP teleseismic P waves and S 
waves. For shallow earthquakes the direct P waves and S waves can be modelled along 
with the reflected waves from near the source. In the method developed by Langston 
& Helmberger (1975) the source influence is considered to be small and a point shear 
dislocation model is assumed. Other source—time functions that are commonly used 
are trapezoidal or triangular in form (Kanamori & Stewart 1976). The earlier method 
of Douglas, Hudson & Blarney (1972) uses the Savage (1966) source model, where 
the fault is represented as an ellipse with rupture initiating either at the centre or at 
one of the foci of the ellipse. The method of Douglas, Hudson & Blarney (1972) has 
been used extensively in the literature to generate synthetic P wave seismograms. For 
examples see Douglas, Marshall, Gibbs, Young & Blarney (1973), Pearce et al (1980), 
Pearce (1981), Stimpson & Pearce (1987), Pearce (1987) and Liakopoulou, Pearce & 
Main (1991). This method is used in chapters 3 and 6 to generate synthetic P wave 
seismograms. A brief review of the theory used is now presented. 
The method of Douglas, Hudson & Blarney (1972), Hudson (1969a), and Hudson 
(1969b) generates synthetic seismograms for a source buried in a horizontal plane—
layered structure. The receiver is at the free surface of a horizontal plane—layered 
receiver structure at an angular distance, A, from the source. Two path effects between 
the source and receiver (the path through the mantle) are accounted for; the first is 
geometrical spreading, the other is anelastic attenuation. In the frequency domain, w, 
the vertical P wave component of a seismogram, u', can be written using a convolution 
model as: 
= S(w) C'(w) M" F'(i, ij,w) exp[—Jwl(T,/2QAv) - iwT] 	(2.1) 
where, S, (w) is the instrument response at the receiver, C() is the response of the 
plane—layered structure under the receiver, M" accounts for the geometrical spreading, 
j, c) is the P wave amplitude radiated at azimuth 71 and at take—off angle i, (to 
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the vertical) derived from the source model, exp[-iwT] accounts for the time shift due 
to the travel time T in the mantle and exp[-IwI(T/2QAV)] accounts for the anelastic 
attenuation which, following Carpenter (1966) uses a frequency independent Q model. 
QAV is then the average value of Q along the ray path through the mantle. The full 
seismogram is obtained by evaluating u ' over a range of frequencies from 0 to 
The receiver and source structure response is calculated using the Thompson-
Haskell matrix method. The receiver structure used in generating the synthetics at 
a given station is the continental crust of the preliminary reference Earth model of 
Dziewonski & Anderson (1981). However, the structure of the crust beneath the Unit-
ed Kingdom Atomic Energy Authority (UKAEA) medium aperture array stations is 
well known and the receiver crustal structures of Arora (1969), Hasegawa (1971), Parks 
(1967) and Underwood (1967) are used. The output from the modelling program is 
convolved with the response of the recording station instrument, S(W), so a direct 
comparison between the synthetic and observed waveforms is possible. 
Generally the source orientation, the scalar moment and the focal depth are changed 
(the source is generally assumed to be a double couple) until the synthetic waveforms 
fit the observed data. For example, Kristy, Burdick & Simpson (1980) use the method 
of Helmberger & Burdick (1979) to model the WWSSN LP Pand SHwaveforms for two 
large 7.0M3  earthquakes near Gazli, Uzbekistan in 1976. Kristy et al (1980) obtained 
estimates of the scalar moment and the orientation of the source by visually fitting 
synthetic and observed waveforms by trial and error. 
The advantage of modelling the whole waveform is that an estimate of the focal 
depth and the scalar moment can be made. However, the solution is sensitive to 
the estimate of the anelastic attenuation along the path to the receiver. Anelastic 
attenuation has the effect of reducing the high frequency content and amplitude of the 
waveforms, thus affecting the estimate of the scalar moment and the interaction of the 
surface and near-surface reflections. The quality of the solution is dependent upon the 
focal sphere coverage and on the signal-to--noise ratio of the recorded waveforms. The 
problem with trial and error fitting of seismograms is that the estimation of errors and 
uniqueness is difficult. 
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2.3.2 Relative Amplitude Methods 
Pearce (1977) suggested that problems caused by our poor understanding of the vari-
ation of anelastic attenuation within the Earth could be overcome by using relative 
amplitudes. Since the teleseismic phases P and pP travel approximately the same path 
through the mantle, especially if the earthquake is shallow, they will also have under-
gone similar amounts of anelastic attenuation. The relative amplitudes of these two 
phases can be used to constrain the orientation of an a priori double couple source. 
Pearce (1980) extends this method to include the surface reflection sP, so both the 
P wave and the S wave radiation patterns are sampled, as are the upper and lower 
hemispheres at the source. A correction for amplitude loss of the pP and sP phases 
caused by the above-source structure is necessary (generally for typical plane-layered 
crustal structures this correction is small). 
The relative amplitude method (Pearce 1977, 1980) uses a box-car function to 
define the amplitude bounds within which the true amplitude of the phase is 'certain' 
to lie. The width of this box-car function is dependent on the uncertainty of the 
amplitude of a phase. Uncertainty in the amplitude of a phase can be due to cultural 
and microseismic noise, interference of different phases arriving at about the same time, 
and signal generated noise from near-receiver and near-source conversions. Another 
source of uncertainty arises if the pulse duration is significantly large compared to the 
natural period of a narrow-band recording instrument, resulting in an anomalously 
low amplitude reading. The box-car function also allows for the fact that a phase may 
have an amplitude that is below the noise level, or is nodal. Along with the relative 
amplitudes, polarity information is also used, but the method allows for the fact that 
even if the polarity is uknown the relative amplitudes still contain information about 
the orientation of the a priori double couple radiation pattern. 
The relative amplitude method grid-searches all possible orientations of the fault 
plane, and calculates corresponding synthetic relative amplitudes of the P, pP and SP 
phases assuming a double couple point source, and compares these with the observed 
relative amplitude bounds. If the calculated relative amplitude bounds fall within those 
observed then the solution is deemed compatible; if not then that solution is deemed 
incompatible. When the grid search is complete a pattern of compatible fault plane 
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solutions is obtained. The size and shape of this pattern depends on the seismogram 
quality and the station distribution on the focal sphere, as well as on the information 
content of the seismograms used. So generally, the more seismic stations, the wider 
their distribution, and the higher the signal-to-noise ratio of the recorded waveforms, 
the better constrained the solution will be. One of the major advantages of the relative 
amplitude method is that uncertainty is taken into account in such a way that the 
variation and number of compatible fault plane solutions directly reflects the error. This 
is especially useful when examining the uncertainty in fault plane solutions obtained 
for small, shallow earthquakes using waveforms recorded at teleseismic distances by 
three or four high quality array stations (Pearce 1980, 1987, Pearce et al 1980). 
Rogers (1989) and Pearce & Rogers (1989) extend the relative amplitude method 
by replacing the a priori double couple source with a generalised point source. The 
generalised source is parameterised into a deviatoric component, T, and a volumetric 
component, k, by diagonalising the moment tensor (figure 2.2 and appendix A). They 
also include S wave polarisation and relative amplitude data from three component 
seismograms. One advantage of their formulation is that as well as specifying absolute 
S polarity measurements, a component's polarity can be specified as 'opposite to' or 'the 
same as' another component. This allows information about the relative S polarisations 
to be utilised from observed S wave seismograms, where absolute S wave polarity is 
difficult to obtain as direct S waves tend to be contaminated by S to P conversions near 
the receiver. One problem that may arise is caused by the possibility of S wave splitting 
if seismograph stations are located in the 'shear-wave window'. S wave splitting will 
only be significant if short period (SP) S wave observations are used, for example 
if using a local three component network. The effect of shear wave anisotropy can 
be easily corrected for by applying the appropriate time delay on the rotated three 
component data (A. Karnassopoulou and R. G. Pearce pers. comm.). 
The method of Rogers (1989) and Pearce & Rogers (1989) has been used to examine 
non-double couple source components using LP teleseismic body waves for deep and 
intermediate depth earthquakes (Stimpson & Pearce 1987, Rogers & Pearce 1987). 
Pearce (1987) uses both P polarity and relative S polarity observations to constrain 
the orientation of the a priori double couple for the large 6.5mb earthquake near Gazli 
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in 1984. 
Rogers (1989) and Rogers & Pearce (1992) replace the relative box-car function 
with a Gaussian likelihood function. The peaked Gaussian likelihood function results 
in a peak in moment tensor space giving a 'best-fit' solution. They note that this 
'best-fit' solution does not generally lie at the centre of the region of compatible solu-
tions obtained using the relative amplitude method. The Gaussian relative amplitude 
method provides an objective method of selecting a 'best-fit' solution, which previ-
ously was chosen by 'fitting by eye' synthetic seismograms generated using compatible 
solutions chosen at random (Pearce et al 1980, Pearce 1987). The Gaussian relative 
amplitude method Rogers & Pearce (1992) is explained more fully in chapter 4 where 
it is applied to 38 small earthquakes in the 1976 Gazli sequence using array waveforms 
recorded at teleseismic distances. 
Langston (1982) attempted to utilise relative amplitudes to derive compatible orien-
tations of a double couple using a single station. He selected P, pP and sP or parts of the 
SHwaveforms and compared the relative amplitudes with those generated synthetically 
using a grid-search method similar to that of Pearce (1977). This is computationally 
intense as whole synthetic seismograms have to be generated for each grid point. 
The advantages of relative amplitude methods are that they do not require a global 
Earth structure model, except as implied by knowing the take-off angles at the source, 
and that only information about the source, that is generally contained in specific 
source dependent phases, is utilised. The method of Pearce (1977) and extensions 
have a robust method of estimating errors and these are easily visualised as a set of 
compatible fault plane solutions for a double couple source. A disadvantage is that as 
relative amplitudes are used no information about the scalar moment, M0 , is available. 
The relative amplitude methods, like the absolute amplitude methods, depend on the 
validity of the single point source approximation. Any source multiplicity or significant 
finite source effects will make the single point source approximation invalid in some 
cases. 
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2.3.3 Source Complexity 
Many of the methods of obtaining the moment tensor dealt with so far assume a 
point source. Generally, observed seismograms are complex, either reflecting that the 
source process itself is complex or that there is structural complexity along the source-
receiver path. One approach to modelling complex body waves in the far field is to 
superimpose trapezoidal or triangular pulses (used by some authors in whole waveform 
modelling methods) to produce a source-time function. This approach was used by 
Kikuchi & Kanamori (1982) to obtain source-time functions by comparing observed 
and synthetic seismograms using a least squares minimisation. Nábëlek (1985) uses an 
iterative approach which adjusts the model parameters to minimise the error mismatch 
between the observed and synthetic waveforms. The resulting source pulses from these 
methods do not represent a model of the source, but attempt to represent the far-field 
source pulse using a polygon. 
Another approach to obtain an estimate of the source-time function is to look at 
broadband (BB) seismograms, which show source complexity more clearly than ban-
dlimited records from instruments such as LP and SP seismographs. Stewart & Douglas 
(1983) developed a method of producing 'phaseless' broadband (PBB) seismograms; 
these are easier to interpret as interfering phases are better separated. Stimpson & 
Pearce (1987) used PBB seismograms to identify eight sub-events for the deep earth-
quake in the Sea of Okhotsk on 21 December 1975. Stimpson & Pearce (1987) noted 
that on the WWSSN LP seismograms only two sub-events were visible, and computed 
a moment tensor solution using the relative amplitude method by assuming that both 
sub-events had a similar source mechanism and that the observed amplitudes were 
dominated by one sub-event. By adding synthetic seismograms calculated for each of 
the two sub-events together, with an appropriate time delay, Stimpson & Pearce (1987) 
demonstrated that the synthetics match the observed WWSSN seismograms. However, 
no attempt was made to model the BB seismogram. 
To obtain a better estimate of the source-time function Douglas et al (1987) de-
veloped a method where the path effect could be deconvolved from nuclear explosion 
seismograms, allowing an estimate of the source-time function in the far field to be 
made. This method is applied to earthquake data from the 1976 Gazli sequence in 
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Pearce (1981) modelled apparently complex P wave coda by using a simple source 
buried in a plane-layered crustal structure with a sea layer. He concluded that, in some 
cases, seismogram complexity caused by structure can be accounted for, allowing the 
nature of the source-time function to be resolved. Douglas, Richardson & Hutchins 
(1990) demonstrated, using synthetic SF and BB seismograms, that both apparently 
simple and complex waveforms can be observed from a unilateral fracture that prop-
agates to increasing depth on steeply dipping fault planes buried in a plane-layered 
crustal structure. 
2.4 Inversion Methods 
2.4.1 Whole Waveform Inversion Methods 
Gilbert (1970) showed that the displacements of seismic waves are linearly dependen-
t on combinations of the moment tensor elements and the derivatives of the Green's 
functions. The Green's functions used in elastodynamics represent displacements cor-
responding to a unit force impulsive in space and time of arbitrary orientation. Gilbert 
(1973) devised a method of calculating moment tensor elements from seismic wave ob-
servations, assuming that the Green's functions are known. This process is known as 
moment tensor inversion. This inversion method was put into practice by Dziewons-
ki & Gilbert (1974) and the first inversions in the time domain of body waves were 
performed by Stump & Johnson (1977) and also by Strelitz (1978). 
Sipkin (1982) developed two techniques to obtain the scalar moment, the orientation 
of the maximum, minimum and intermediate moment axes, together with an estimate 
of the deviatoric part of the moment tensor. The first method is a recursion technique 
using multichannel signal enhancement in the time domain; the second method involves 
multichannel vector deconvolution. The data used are P waves filtered to allow only 
periods between 15 and 55 seconds. The method is applied routinely by the USGS to 
earthquakes that are sufficiently large (Sipkin & Needham 1993). 
Dziewonski et al (1981) developed the Centroid Moment Tensor (CMT) method 
that inverts in a non-linear least squares sense for the scalar moment, the orientation of 
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the maximum, minimum and intermediate moment axes and the deviatoric component 
(the isotropic component is not constrained as the body wave train is dominated by S 
wave energy which contains no information about volume change at the source (Giardini 
1984)). The CMT method uses body wave seismograms up to the arrival of fundamental 
surface waves, lowpass filtered with energy between 50 and 70 seconds period. Giardini 
(1984) extended the method to include mantle wave data for large earthquakes, with 
moment magnitude, M > 6.5 lowpass filtered with a cutoff at 135 seconds period, with 
a maximum sensitivity at a period of 145 seconds. The CMT algorithm does not invert 
the observed data but performs iterative forward modelling, successively reducing the 
misfit between calculated synthetic waveforms and the filtered observed data until a 
satisfactory match is obtained. 
The CMT method can also be used to obtain the location of the 'centroid', which 
corresponds to the centre of the 'stress glut' of Backus & Mulcahy (1976), and the 
origin time. The point of rupture initiation cannot be found using filtered LP data. 
The 'centroid' location and the point of rupture initiation can be significantly different 
for earthquakes from large faults. The CMT method has been applied routinely to over 
10,000 earthquakes since 1977 with m ~: 5.0 (below this magnitude very long period 
energy is not excited with a large enough signal-to-noise ratio). The mean NEIC body 
wave magnitude of catalogued CMT solutions for the period 1977 to 1992 is 5.4mb. 
Ekström (1989) examines the effect of depth resolution on the results from the CMT 
method. He concludes that the depth is very well constrained for deep earthquakes, but 
that for shallow earthquakes depth is poorly constrained and shows systematic errors 
with region (there is a tendency to over-estimate the depth in eastern and central 
Asia). Ekström (1989) also examines the effect of poor depth resolution upon the 
moment tensor components, especially the vertical dip slip components MA 	Mr# 
(M and 	in figure 2.1) which approach zero as the earthquake focus approaches 
the surface of the Earth (Kanamori & Given 1981, Ekström & Dziewonski 1985). To 
improve the resolution of the focal mechanism, scalar moment and depth, Ekström 
(1989) suggests a two stage broadband inversion using the CMT algorithm and that 
used by Nábëlek (1985). 
Error estimation is difficult in whole waveform inversion techniques. The CMT 
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gives statistical errors on each of the moment tensor components. How these errors 
transform into uncertainties in the fault plane solution is not obvious. Since in the 
CMT method only data with periods greater than 45 seconds are used, the Earth 
model used to generate the Green's functions must have a resolution that corresponds 
to the shortest wavelength used; any error in the Green's functions used to describe the 
Earth model will be reflected in the solution. Also, error minimisation methods using 
synthetic seismograms can result in the mismatch of source-dependent features, while 
increasing the fit of source independent features (Rogers 1989, p22). 
2.4.2 Non-Double Couple Sources 
In many of the moment tensor solutions obtained using the methods of Sipkin (1982) 
and Dziewonski et at (1981) there is a significant deviatoric non-double couple compo-
nent (appendix A). Kuge & Kawakatsu (1993) note a small increase in the published 
non-double couple component with the focal depth of the earthquake, but the statistical 
errors (expressed as the standard deviation of the deviatoric component of the moment 
tensor) are much larger than the deviation from the double couple source model. Kuge 
& Kawakatsu (1993) attribute the non-double couple components to source complex-
ity since LP data are not capable of accurately describing the source-time function 
or alternatively to near-source slab structures. Sipkin (1986) also attributes the non-
double couple component to source multiplicity or to rupture on a non-planar fault. 
However, Sipkin (1986) favours a tensile failure under high fluid pressure for the large 
1980 Mammoth Lake seismic disturbances in California. Analysis by Stimpson (1987) 
of SP seismograms from the Mammoth Lake disturbances showed the disturbances to 
have multiple character and that the double couple source model is consistent with the 
observations. Wallace (1985) concluded that the resolution of inversion methods using 
LP data were insufficient to discriminate between a multiple double couple source and 
a CLVD source. 
Frohlich (1994) favours the earthquake complexity explanation of non-double cou-
ple moment tensor solutions from earthquakes occurring along oceanic transforms and 
along shallow subduction zones. Frohlich (1994) shows that two or more double cou-
ple sub-events having different orientations can combine to produce apparent CLVD 
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sources. Frohlich (1994) also shows that about 70% of the non-double couple moment 
tensor solutions have the correct polarity and orientation to be made up of sub-events 
produced by the dominant stress field in these tectonic regimes. 
Vasco & Johnson (1989), in an approach related to the linear programming method 
of Julian (1986), use a quadratic programming method to invert whole waveform data 
for extreme source models to test for the presence or absence of volume change at 
the source. They examine the effect of microseismic noise and lateral heterogeneity 
on the extreme and least squares solutions and find that lateral heterogeneity effects 
appear to map significantly onto the source function. Using a deep, 5.6mb, earthquake 
as an example, Vasco & Johnson (1989) show that the least squares solution suggests 
a significant volume change at the source, while the extreme solutions show that this 
volume change is not required by the data. 
Chapter 3 
The Völkershausen Seismic 
Disturbance 
3.1 Introduction 
The seismic moment tensor contains information about the source type, so techniques 
that allow an estimate of the moment tensor to be made are of particular interest in 
the solving of source discrimination problems. The relative amplitude method is well 
suited to source discrimination problems, such as discriminating between an explosion 
and a shallow earthquake. A case study is presented which introduces the approach 
adopted in this study. This involves the interpretation of teleseismically recorded body 
waves, application of the relative amplitude method, and then the generation of syn-
thetic seismograms to estimate other source parameters such as the focal depth. For 
the Völkershausen disturbance the discrimination problem posed is between a shallow 
earthquake caused by a double couple mechanism and a near-surface multiple col-
lapse of a mine. Local and regional surface waves are analysed to see whether vertical 
Rayleigh waves provide an independent depth discriminant. 
On 13 March 1989 at 13-02-14.8 GMT (ISC origin time), one of the largest Euro-
pean intraplate seismic disturbances of recent times occurred in a potash mining area 
near Völkershausen, Germany (figure 3.1). The entry in the ISC bulletin is reproduced 
in table 3.1. 
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Figure 3.1. Location of the Völkershausen seismic disturbance of 13 March 1989. The 
ISC epicentre is indicated by an asterisk. 
The NEIC reported the disturbance as a 'rockburst triggered by blasting at the 
Ernst Thaelmann mine near Merkers'. The report continued 'three people injured and 
80 percent of buildings damaged in the Völkershausen area. Felt in large parts of 
Germany, as far west as Köln and Dusseldorf. Also felt in France, Czechoslovakia, 
Switzerland and Austria'. 
Knoll, Kohler & Grosser (1990) attribute the disturbance to fluid induced seismicity, 
with a complicated mechanism that is not represented by a classical fault plane, claim-
ing 'preponderant dilatancy as polarisation of the first motions'. They characterise the 
disturbance as a fluid induced tectonic rock burst. Bormann et al (1990, 1992) after 
analysing local seismograms suggest a multiple collapse mechanism, involving 5 or 6 
sub—events with successively increasing amplitudes. They attribute the collapse to the 
2 failure of 3200 carnallitite pillars at a depth of 850 m over an area of about 6.8 km. 
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BJI 13-02-14.5 50.79 9.84 7.0 - 
STR 13-02-14.6 51.10 10.07 10.0 M 5.4 
NEIC 13-02-14.7 50.71 9.90 1.0 m, 5.4 
CSEM 13-02-18.2 50.74 9.84 10.0 - 
LDG 13-02-18.3 50.80 10.10 11.0 ML 5.5 
MOS 13-02-18.5 50.80 10.07 29.0 m, 5.7 
ISC 13-02-14.8 1 50.72 ± 0.013 1 	9.91 ± 0.018 1 	1.0 Mb 5.4 
Table 3.1. Location, depth and magnitudes for the Völkershausen seismic disturbance 
on 13 March 1989 reported in the ISC bulletin. 
I will show that the waveforms recorded at teleseismic distances are relatively sim-
ple and can be interpreted in terms of a direct P wave arrival, associated surface and 
near-surface reflections, and S to P conversions. On the basis of the simplest interpre-
tation of these seismograms the relative amplitude method of Pearce (1977, 1980) and 
Pearce & Rogers (1989) is applied and the results indicate that a small range of com-
patible solutions exist in moment tensor space. Synthetic seismograms generated using 
the method of Douglas, Hudson & Blarney (1972) show that the observed teleseismic' 
waveforms are consistent with a sub-vertical near-normal fault, striking northwest at a 
depth of 6.5 km. The emergent nature of P onsets and the negative polarities observed 
at local and regional distances by Bormann et al (1992) are consistent with this focal 
mechanism. 
Since the main discriminant between the mine related mechanism proposed by other 
authors (Knoll et al 1990, Bormann et al 1992) and that proposed here is the depth 
of the disturbance. I attempt to obtain an independent estimate of the depth using 
vertical component Rayleigh waves recorded by the Blacknest broadband network. I 
will also show that analysis and forward modelling of the vertical component Rayleigh 
waves suggest that the data are consistent with the fault plane solution obtained from 
the teleseismic data, but that the depth resolution in the frequency domain for vertical 
dip slip mechanisms is insufficient to discriminate between a source at 6.5 km depth 
and a source at 1 km depth. 
Broadband (BB) recordings from the Gräfenberg array, the Blacknest network, 
and the short period (SP) recordings from the French seismograph network provide 
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an alternative way of independently examining the depth of the disturbance, and of 
testing whether the identification of the surface reflection phases on the teleseismic 
records are correct. For very shallow disturbances (with focal depth less than 3 km) a 
large amplitude crustally guided surface wave, 1?, is generated. I will show that when 
SP records are examined from a large range of azimuths, no large amplitude phase is 
observed at the expected R9 arrival time indicating that the disturbance may be at a 
depth of over 3 km. 
3.2 Analysis of Teleseismically Recorded Body Waves 
3.2.1 The Data 
Digital waveforms were recorded at teleseismic distances by the medium aperture SP 
array stations YKA (Canada), and GBA (India), at the IRIS station SCP (USA), the 
Geoscope VBB (very broadband) station WUS (China) and at GAM (Kazakstan). The 
seismograms are shown in figure 3.2. The simplest interpretation of these waveforms 
is in terms of a direct P wave followed by associated surface reflections pP and sP, 
indicating a source depth of about 5 km. The waveform recorded by the BB WUS 
seismograph demonstrates that the pulse duration is well within the pass band of the SP 
instruments enabling reliable amplitude information to be obtained. The identification 
of near—nodal P wave observations on the YKA and GBA seismograms is aided by 
the use of the correlogram which shows the arrival of in—phase energy across the array 
(figure 3.2). 
The arrays YKA and GBA were designed to have an 'L' or a 'T' formation, the 
two arms are known as the blue and the red arms. Birthill & Whiteway (1965) showed 
that such array designs are ideal for using cross—correlation methods, which show the 
arrival of in—phase energy. The correlograms shown in figure 3.2 attempt to show 
visually the arrival of a coherent phase at two different frequency ranges. The upper 
trace in figure 3.2(iii) is formed by delaying and summing the seismograms from the 
red and blue arms and then bandpass filtering with corner frequencies at 1.0 Hz and 
2.0 Hz. The filtered summed red and blue arms are then multiplied together in the 
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Figure 3.2. (a) and (b) show the summed and delayed displacement seismograms 
recorded at the arrays YKA and GBA. (i) shows the identification of the P phase 
and the surface reflections pP and sP. (ii) is a magnified trace showing the arrival of 
the P phase and two phases A 1 and A 2 . ( iii) shows the correlogram used to identify 
near—nodal and other phases. (c) is the velocity BB recording at CAM. (d) is the 
very broadband displacement recording at WUS. (e) is the SP displacement waveform 
recorded at SCP. 
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Observation P PP SP 
Station L Azimuth Pot Min Max Pol Min Max Pot Min Max 
YKA 58.880 333.40  - 1.0 8.0 ± 22.0 36.0 U 7.0 20.0 
GBA 65.390 98.70 U 0.0 6.0 + 25.0 35.0 U 5.0 35.0 
GAM 43.260 81.50 + 1.0 10.0 U 18.0 30.0 U 4.0 28.0 
WUS 47.48 0  73.30 + 1.0 10.0 U 15.0 30.0 U 4.0 25.0 
SCP 58.570  297.2 0 U 6.0 9.0 U 0.0 6.0 U 0.5 6.0 
Table 3.2. The relative amplitude bounds used in the moment tensor analysis for 
the P,pP and sP phases. L is the angular distance between the focus of the seismic 
disturbance and the station. The polarity of each phase is as indicated: + compression, 
- dilatation, U unknown polarity. 
in a similar way except that the bandpass filter has corner frequencies at 0.5 Hz and 
1.0 Hz. The lower trace is positive towards the bottom of the page. It can be seen that 
when a phase arrives on the summed trace the high and low frequency correlograms 
have negligible negative excursions indicating a coherent arrival in the two frequency 
ranges. 
Two phases marked Al and A2 in figure 3.2 can be seen between the P and pP 
phases on the array seismograms; these are particularly clear on the YKA seismogram. 
The phase marked A 1 is interpreted as a P wave reflection from a near-surface layer of 
low acoustic impedance, phase A2 is interpreted as a S to P conversion at the Moho. 
The GAM and WUS seismograms have a high signal-to-noise ratio. The SP SCP 
seismogram is noisy and this masks the onset of the large amplitude phase, which is 
identified as P. 
3.2.2 Moment Tensor Analysis 
The relative amplitude method of Pearce (1977, 1980) and Pearce & Rogers (1989) 
described in section 2.3.2 is applied to the two SP array seismograms YKA and OBA, 
the BB seismograms GAM and WUS and the SP seismogram SCP. 
The amplitude bounds used are shown in table 3.2 along with the polarity of the 
phase. It can be seen from figure 3.2 that the polarity of the P phase is clear on the 
YKA, WUS and GAM seismograms, and that for all seismograms except SCP the pP 
phase has a much larger amplitude than the P phase. The sP phase has an amplitude 
Chapter 3. The Völkershausen Seismic Disturbance 	 28 
larger than the noise except at SCP, but its true amplitude is difficult to determine 
because of interference with the pP pulse, and because of signal—generated noise. To 
allow for this the sP amplitude bounds are comparatively wide. 
I will perform an analysis of the data based upon the above interpretation and then 
compare it with the evidence for alternative interpretations proposed by other authors. 
The results from the relative amplitude method indicate that a small range of 
double couple solutions is found to be compatible: 0.08% of total 5 (dip), (slip), c 
(strike) orientation space. The range of compatible double couple solutions is shown 
on a vectorplot in figure 3.3. 
The non—double couple source types that are compatible with the data are shown 
in figure 3.4 on a source type plot. Figure 3.4 shows that while the deviatoric part is 
poorly constrained (due in part to the large amplitude bounds placed on the sP phase), 
the volumetric part is well constrained with —0.2 < k < 0.2 (after searching using a 0.2 
grid spacing in T [-1.0, 1.0] and k [-1.0, 1.0]). The number of compatible solutions is 
0.021% of possible moment tensor space, indicating that the body waveforms recorded 
at teleseismic distances place a large constraint on both the mechanism and orientation 
of the source assuming the phase interpretation of figure 3.2. 
To verify whether the identification of the phases F, pP and sP are correct, oth-
er interpretations were tested using the relative amplitude method. Only the YKA, 
GBA, CAM and WUS seismograms were used in this analysis. The first alternative 
interpretation is that P is nodal and not detected at YKA, GAM and WUS, and that 
both P and pP were nodal at GBA, when the relative amplitude method is applied 
there are no compatible solutions. Another possibility is that the P phase arrival at 
GBA has large amplitude and a positive polarity, and the arrivals at the other three 
stations were identified correctly in the original interpretation. When the relative am-
plitude is applied there are no compatible solutions. Assuming that the first arrival 
must always be P, the P to pP time difference must be similar for all seismograms 
recorded at teleseismic distances, and that once the pP phase is picked the arrival time 
of the sP phase is well known then there are three other plausible interpretations of 
figure 3.2. These three cases were analysed using the relative amplitude method and it 
was found that there were no compatible double couple solutions. This implies that the 
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Figure 3.3. Vectorplot showing the double couple solutions compatible with the 
relative amplitudes and polarities shown in table 3.2. 
interpretation of the phases P, pP and sP shown in figure 3.2 is the only interpretation 
that is consistent with a single double couple point source. 
3.2.3 Synthetic Body Wave Seismograms 
The moment tensor analysis using the relative amplitude method shows that the tele- 
seismic body wave data are consistent with a double couple point source. To obtain an 
estimate of the source depth, and to show that the observations are consistent with a 
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Explosion k = 1.0 
Implosion k = —1.0 
Figure 3.4. Source type plot showing source mechanisms that are consistent with the 
relative amplitudes and polarities shown in table 3.2. The centre of circle refers to a 
value of (T, k) for which at least one orientation is compatible with all observations. 
double couple radiated from a realistic fault model, synthetic seismograms are generat-
ed using the method of Douglas, Hudson & Blarney (1972) described in section 2.3.1. 
The source model parameters used are shown in table 3.3. The crustal structure 
used for the source region is given in table 3.4. Figure 3.5 shows that the synthetic 
Focal depth 	 - 	 6.5 km 
Major/minor axis of elliptical fault plane 1.7 km / 0.8 km 
Stress drop across fault 	 75 bars 
Rupture velocity 	 2.1 km s 1 
Dip of fault plane 6 800 
Angle of slip in the fault plane ik 	 1200 
Strike of fault plane c 	 3100 
Table 3.3. Finite source model parameters for the Völkershausen seismic disturbance. 
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P wave speed S wave speed Density Thickness 
(km s') (km s') (g cm -3 ) (km) 
Layer 1 4.00 2.00 2.67 2.0 
Layer 2 6.00 3.46 2.71 13.0 
Layer 3 6.60 3.81 2.80 10.0 
Layer 4 8.00 1 	4.62 1 	3.00 1 	oo 
Table 3.4. Crustal structure of the source region used to model the Völkershausen 
seismic disturbance. 
seismograms fit those observed for a sub-vertical extensional fault striking northwest 
at a depth of 6.5 km. 
The waveform observed at GBA shows a dominance of longer period energy than the 
corresponding synthetic waveform (figure 3.5), suggesting that the higher frequencies 
have been scattered. Imaging of seismic scatter beneath the GBA array by Mohan 
& Rai (1992), suggests that there is a zone of dominant scattering to the west of 
the array, coinciding with a large north-south elongated granitic intrusion. Scattering 
of high frequency energy by this intrusion is consistent with the observed waveform 
at GBA. The observed waveform at GBA contains an anomalously large phase that 
arrives after pP. Examination of the GBA synthetic waveform shows that this phase is 
not consistent with the model sP. Apparently complex seismograms are often observed 
at GBA at a wide range of azimuths from both explosions and earthquakes (Douglas 
et al 1973, 1974, 1990). These are commonly explained by multipathing in the mantle 
through regions of high and low attenuation, or by scattering and defocusing of the P 
















Figure 3.5. Observed and synthetic seismograms calculated using the method of Douglas et at (1972) with the station position, 
modelled fault and auxiliary plane plotted on a lower hemisphere focal projection. 
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Station Distance Azimuth Phase Station Distance Azimuth Phase 
(Km)  (km)  
HA14 7.8 291.00 P BRG 274.3 88.30 P 
VAD 56.5 253.20 P GC3 239.6 152.60 P. 
MOX 111.7 99.00 P9 FUR 306.4 163.2 0 P. 
CLL 1 	214.3 1 	4.70 1 	P, CHE 1 	390.7 1 	201.2° 1 	P 
Table 3.5. Local and regional stations used by Bormann et al (1992). The phase 
corresponding to the primary first arrival is indicated. 
3.3 Local and Regional Data 
3.3.1 Body Waves 
Bormann et at (1992) reported that a large number of P waves observed at regional 
and local distances have negative polarity and are emergent in nature. Table 3.5 shows 
the distance and azimuth of the stations analysed by Bormann et at (1992). Figure 3.6 
shows the data listed in table 3.5 as well as a selection of stations from the Gräfenberg 
array, all plotted on a focal sphere. The positions of the stations are calculated with 
respect to the epicentre determined using the Potsdam network (Bormann et at 1992) 
assuming a source depth of 6.5 km and a simple two layer refraction model. All of 
the stations, except VAD and HA14, plot on the lower focal hemisphere, and have a 
refracted primary wave as the first arrival. The first arrival at the stations VAD and 
HA14 is the direct P wave (with take—off angle in the upper hemisphere); their positions 
are shown transformed into the lower hemisphere. 
A refraction survey to the south of the epicentre by Gajewski, Holbrook & Prodehi 
(1987) indicates that the upper crust is laterally homogeneous, but that the middle 
and lower crust show pronounced lateral variations in thickness and wave speed. The 
presence of lateral variations in the lower crust means that there are large uncertainties 
in the calculated take—off angles for the phases P, and P9 , as the refracted wave may 
not have followed a simple path along the Moho or Conrad discontinuities. 
Another source of uncertainty in the position of the local stations on the focal sphere 
is caused by error in the location of the epicentre. The location used by Bormann et 
at (1992) was obtained using 29 local seismic stations, with origin time 13-02-16.5 
GMT and epicentre located at 50.797N, 10.047E with a depth of 0.9 km. The location 
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Figure 3.6. Lower hemisphere projection of the stations used by Bormann et cii (1992) 
and of selected stations in the Gräfenberg array. Stations indicated by a square symbol 
are transformed from the upper hemisphere to the lower hemisphere for comparison, 
together with fault and auxiliary planes obtained from the teleseismic body wave data. 
used by Bormann et cii (1992) is approximately 17 km from the location of the ISC. 
This error becomes significant for very close stations such as HA14, which according 
to Bormann et cii (1992) is only 7.5 km from the epicentre. The emergent nature of 
many of the local seismograms are consistent with the fault plane solution found from 
the teleseismically recorded body waves shown again in figure 3.6, but uncertainties 
in the location and crustal structure of the region means that any source mechanism 
determined using first motions of local stations will be poorly constrained. 
The reported P and P polarities in the ISC bulletin are also inconclusive. Emergent 
and impulsive P and P phases are reported with either negative or positive polarity 
at a large number of stations. 
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Figure 3.7. Great circle paths from the epicentre of the Völkershausen seismic dis-
turbance to the Blacknest network of stations. 
3.3.2 Surface Waves 
Rayleigh Waves from the Blacknest Network 
Rayleigh waves with a high signal—to—noise ratio were recorded by the Blacknest ver-
tical component BB network (figure 3.7). The vertical component BB data have been 
converted to the Blacknest LP instrument response, which suppresses high frequencies, 
so that the seismograms may be interpreted (figure 3.8). It is clear that the waveforms 
are well dispersed and typically show a large Airy phase with a period of about 15 
seconds. 
Tsai & Aki (1970) showed theoretically that Rayleigh wave spectra for a variety of 
focal mechanisms can be sensitive to the focal depth and crustal structure of the source 
region. If the focal depth of the disturbance can be shown to be in the range 5-8 km 
using the Rayleigh wave data set, then the identification of the teleseismic body wave 
phases used in the relative amplitude method will be confirmed. Here, the method of 
Douglas, Hudson & Blarney (1972) is used to generate synthetic vertical component 
fundamental mode Rayleigh wave seismograms. 
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Figure 3.8. Long period waveforms derived from the broadband data recorded by the Blacknest network. The 0 line represents the 
ISC origin time at 13-02-14.8 GMT. 
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Synthetic Rayleigh Wave Seismograms 
Douglas, Hudson & Blarney (1972) describe a method where Rayleigh wave seismo-
grams are generated for a double couple extended source. Equation 3.1 describes how 
the vertical displacement, u ' , due to a Rayleigh wave may be calculated using a con-
volution model derived from Hudson (1969b). 
Iwlr 
TI qZ = S(w) F'(j,w) (a sin ) 2  exp {_ik i r ± i/4 - 2Q'U' 	
(3.1) 
The superscript 1 indicates that equation 3.1 is for the fundamental Rayleigh mode. 
S(w) is the instrument response, Fzq ( ,q, w) is the amplitude displacement radiated at 
azimuth q from the extended double couple source (Savage 1966), (sin A) - 2 is the 
geometrical spreading term, a is the radius of the earth and A is the angular distance 
between the epicentre and the receiver. The term exp{—ik i r ± i7r/4}, where k 1 is the 
wave number at angular frequency, w, accounts for the phase change due to propagation 
of surface waves. Dispersion is introduced as k 1  will usually be a function of frequency. 
exp{—IwIr/2Q'U'} allows for anelastic absorption effects. Q 1  is the attenuation factor, 
which is assumed to be frequency independent, and U1 is the group velocity. The 
surface wavetrain is found by evaluating u' over a range of frequencies from 0 to w 
using Fourier inversion. Douglas, Hudson & Blarney (1972) point out that this is a 
very lengthy computation, so the phase equalisation method of Aki (1960) is applied 
to reduce computing time. 
Rayleigh Wave Models 
Figure 3.9 shows the observed Rayleigh wave recorded at BHM (Barham, Kent, UK) 
along with synthetic seismograms generated using the model parameters shown in ta-
ble 3.3 with the crustal structure shown in table 3.4. The only parameter varied was 
the depth of the source. The synthetic seismogram generated at a depth of 1 km and 
the synthetic seismogram generated at 20 km look very similar, indicating that in the 
time domain Rayleigh waves from a shallow near—vertical extensional fault place little 
constraint on the depth of the source. 
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Figure 3.9. Synthetic Rayleigh wave seismograms calculated for various source depths 
at BHM. The 0 line represents the ISC origin time at 13-02-14.8 GMT. 
Douglas, Hudson & Kembhavi (1971) analysed surface wave spectra using a reci-
procity theorem and showed that the mathematical expression for the spectrum of 
surface waves can be factorised into a transmission part and a component involving the 
source mechanism and depth. Douglas et al (1971) showed that for vertical dip slip 
mechanisms (similar to the mechanism used to generate the synthetics in figure 3.9), a 
zero in the Rayleigh wave spectrum (caused by trying to excite a mode of oscillation by 
action at a node) exists, but only at the surface. The synthetic seismograms generated 
in figure 3.9 and the work done by Douglas et al (1971) show that Rayleigh waves from 
vertical dip slip faults contain very little information about the depth of the source in 
either the time or frequency domains. 
Amplitude spectra were calculated using a spectral analysis program which uses 
the fast—Fourier transform algorithm of Singleton (1968). The original data are co-
sine tapered, the mean baseline removed and the instrument response removed in the 
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frequency domain. Figure 3.10 shows that the amplitude spectrum of the observed 
Rayleigh wave at BHM has no notch in the period range 4 to 60 seconds (a zero, 
caused by trying to excite a mode of oscillation at a node for a point source, becomes 
a notch for a finite source). Synthetic seismograms have been generated for three fault 
plane orientations, vertical strike slip, 45° dip slip and the model described by table 3.3 
(which is close to a vertical dip slip). It is clear from figure 3.10 that the amplitude 
spectra of synthetic Rayleigh waves from vertical faults have no notch in the period 
range 4 to 60 seconds. However, there is a clear spectral notch (which moves to greater 
period with increasing focal depth) in the synthetic Rayleigh wave amplitude spectra 
from 45° dip slip faults. The absence of a spectral notch in the observed Rayleigh wave 
seismogram at BHM suggests that, if the source is at a depth of greater than 2-3 km, 
then the focal mechanism is a vertical or near vertical fault. If the source is near the 
surface then Rayleigh wave amplitude spectra will not have a spectral notch in the 
period range 4 to 60 seconds. 
Figure 3.11 shows that the synthetic Rayleigh waves calculated for the source mod-
el derived from the teleseismic body wave analysis are consistent with the observed 
waveforms except at EKB. The observed EKB (A = 9.13°) seismogram has a signif-
icantly more dispersed wavetrain than that observed at SBD (i = 9.28°), yet the 
SBD path is slightly longer. This shows that the crustal structure used to produce 
the EKB synthetic is in error. The simplest explanation is that there is a signifi-
cant path difference between the path to SBD and the path to EKB (crossing part 
of the North Sea, (figure 3.7)). Young, Douglas & Marshall (1994), after analysing 
Rayleigh wave seismograms recorded by the Blacknest network from explosions at the 
Eastern Kazakstan test site in the former USSR, noticed that waveforms recorded 
in the south of the United Kingdom are much less attenuated, and have a high-
er frequency content (with significant energy at periods of 10 seconds) than those 
recorded further north. Young et al (1994) suggest that the North Sea grabens are 
responsible for the observed scattering of the high frequencies and increased attenua-
tion. The 15 second period Airy phase on the EKB seismogram arrives approximately 
35 seconds later than on the SBD seismogram, and with a much reduced amplitude. 
The first arrival on the SBD and EKB seismograms is the 40 second period Rayleigh 
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wave, which arrive at about the same time on both seismograms. It would appear that 
the 15 second period Airy phase has arrived at EKB by a comparatively slow, low QAV 
path, probably related to the structure in the North Sea basin. The long duration 
of the EKB waveform before the Airy phase suggests that energy has arrived at the 
station by a variety of different paths. 
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Figure 3.10. Rayleigh wave amplitude spectra, showing the spectrum of the observed 
waveform at BHM, and the spectra of synthetic seismograms from a 45° dip slip fault, 
a vertical strike slip fault and the model described in table 3.3. (a) at a focal depth of 
6.5 km, (b) at a focal depth of 11 km, and (c) at a focal depth of 20 km. Amplitude is 
measured in nm s. 
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Figure 3.11. Synthetic Rayleigh wave seismograms calculated for selected stations in the Blacknest network, using the source model 
and crustal structure derived from the teleseismically recorded body waves. The 0 line represents the ISC origin time at 13-02-14.8 
GMT. 
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Figure 3.12. Typical short period waveforms for a shallow seismic disturbance ob-
served at a local station (distance about 215 km) showing clear R9 waves. The seismo-
grams were recorded along the 'red' line of the vertical component short period array 
station GBA. The R9 phases starting at about 70 seconds have the highest amplitudes 
in the seismograms and are characterised by low frequencies and a dispersive wavetrain 
(after Ruud et at (1993)). 
Depth Discrimination Using Short Period Surface Waves 
Ruud et at (1993) found that for shallow disturbances with depths less than 2 km 
the crustally guided fundamental Rayleigh wave phase, R9 , is observed on local SP 
seismograms with dominant energy at periods of 0.6-1.8 seconds. The R. phase has 
the highest amplitude on the SP seismograms and is characterised by comparatively 
low frequencies and a dispersive wavetrain (figure 3.12). Ruud et at (1993) generated 
synthetic R. seismograms for a number of laterally homogeneous and inhomogeneous 
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media and showed that for an explosion—like source, excitation of R9 in the SF pass 
band drops sharply for focal depths greater than 2-3 km. They also showed that the 
R9  phase is strongly damped by topographical scattering. The effect of topography 
and attenuation explain the differences in the distances from the source that the R. 
phase has been observed. Ruud et al (1993) stated that the R phase is hardly ever 
observed from sources greater than 100 km from the NORSAR array, but Bath (1975) 
observed the-R9  phase, excited by shallow rockbursts in Sweden, out to distances of 
500 to 600 kilometres. 
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Figure 3.13. Great circle paths shown for stations recording waveforms out to dis-
tances of 600 km. GRA1, GRB3 and GRC3 represent the Gräfenberg array. FLN, 
GRR, and HAU are in the French network, and BHM and SCK are in the Blacknest 
network. 
Figure 3.13 shows the great circle paths to all stations with available data for dis-
tances out to 600 km. These data include the Gräfenberg array and parts of the 
Blacknest and French seismograph networks. A large range of distances and azimuth-
s are covered. Since the frequency range of interest excited by the R9  phase corresponds 
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Figure 3.14. The broadband waveforms (BB) recorded by GRA1, GRB3 and GRC3 in the Gräfenberg array, along with the derived 
short period waveforms (SP). The arrival of the Rayleigh wave (about 400 seconds) is clear on the BB seismograms, but on the SP 
seismograms there is no significant energy at the expected arrival time of the R_q phase. 
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to the pass band of the SF instrument used by the CBA array, BB recordings from the 
Gräfenberg array and the Black nest network were converted to the GBA SP instrument. 
Figure 3.14 shows SF seismograms recorded at the Gräfenberg array stations GRA1 
(L = 1.34°), GRB3 (A = 1.85°) and GRC3 (L = 2.16°). The SF seismograms 
were derived from the original BB waveforms by dividing out the BB response in the 
frequency domain, and then multiplying by the GBA SF instrument response before 
transforming back into the time domain. The largest amplitude arrival on the derived 
SP records is the P phase and at the expected arrival time of the phase R9 no large 
amplitude arrival is observed. The absence of the R9 phase from the seismograms 
indicates one of two things; either there is a path effect resulting in the scattering and 
attenuation of R. energy in the SF pass band or that the disturbance was at a depth 
of greater than 2-3 km. It is hoped that waveforms from chemical explosions at the 
mine recorded by the Gräfenberg array will show a large amplitude R. phase, but these 
data are unavailable. None of the SF seismograms examined from the Völkershausen 
seismic disturbance show a prominent R. phase. 
304 Seismicity and Tectonics 
The fault plane solution obtained from the teleseismic body wave analysis (figure 3.5) 
is consistent with the intraplate tectonics of the epicentral area (Kronberg 1991), where 
northwest-southeast trending extensional faulting is observed in the still active north-
ernmost part of the Upper Rhine Graben in the region of the Hessian Depression 
(figure 3.15). The Hessian Depression is formed where three main structural blocks, 
the Lower Saxonian Block, the Rhennish Massif and the South German Platform meet 
at the northern tip of the Upper Rhine Graben. 
The crustal structure used to calculate the synthetic body waves is constrained by 
the arrival times of the PP phase, the sP phase and the S to P conversion at the Moho 
(arrival A2 in figure 3.2), and also by the P wave reflection from a near-surface layer 
(arrival A 1  in figure 3.2). The crustal structure used (table 3.4) agrees well with that 
obtained from a seismic refraction survey of Gajewski et al (1987) to the south of the 
epicentral region. 
The earthquake seismicity reported by the ISC for central Europe from 1964 to 1985 
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Figure 3.15. Structural map of the area between the North Sea and the Alps. 1 
and 2 = normal faults; 3 and 4 = reverse faults; 5 = other faults; 6 = anticlines and 
synclines. Modified from Kronberg (1991). 
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Figure 3.16. Earthquake seismicity in central Europe from 1964 to 1985, mSC > 4.0. 
The the centre of the octagonal symbol represents the ISC location and the symbol size 
is proportional to the body wave magnitude of each earthquake. The epicentre of 13 
March 1989 disturbance is indicated by a triangle. 'LSB' is the Lower Saxonian Block. 
'RM' is the Rhennish Massif and 'SGP' is the South German Platform. 
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(Young, Lilwall & Douglas 1988) is shown in figure 3.16. The two largest disturbances 
occur at almost the same location in the Hessian Depression, one is the Völkershausen 
seismic disturbance of 13 March 1989, the other is a 5.4m1 disturbance that occurred 
on 23 June 1975 at 13-17 GMT. 
The BCIS agency reported to the ISC that the 1975 disturbance was 'to the east 
of Bad Hersfield; slight damage with I = VII MCS in the epicentral region; telephone 
services interrupted. Also felt at Mörs, Cologne, Mannheim, Frankfurt, Erlangen etc. 
Radius of macroseismic area 200-250 km. Possibly an artificial disturbance (mining 
blast)'. The ISC bulletin reports either positive or negative impulsive P and P arrivals 
at a large number of stations. The ISC location of the 1975 disturbance is only 5.6 
km away from that of the Völkershausen seismic disturbance. However, to obtain a 
magnitude 5.4 disturbance from blasting alone requires approximately 50 kilotonnes of 
TNT. 
The pattern of seismicity shown in figure 3.16 shows a weak area of crust with high 
seismicity around the Upper Rhine Graben, with three relatively aseismic blocks, the 
Rhennish Massif, the South German Platform and the Lower Saxonian Basin. These 
three relatively strong crustal blocks are separated by a zone where seismicity is low, 
except for two large 5 disturbances. 
The similarity in the magnitude and location of the Völkershausen and 1975 distur-
bances suggests that they had a similar source mechanism. I propose that the seismic 
disturbances of 1975 and 1989 in the Völkershausen region were caused by earthquakes 
releasing tectonic stress, possibly induced by mining activity, and that the mine col-
lapse is a consequence of the 1989 disturbance, and not the cause. However, the effects 
of a large mine collapse on locally recorded waveforms needs further investigation. 
Chapter 3. The Völkershausen Seismic Disturbance 
	 49 
3.5 Conclusions 
• One interpretation of the teleseismic data in terms of a direct P wave, surface 
and near-surface reflections was tested using the relative amplitude method. The 
volumetric part of the moment tensor solution was tightly constrained by the tele-
seismically recorded body waves. The orientation of an a priori double couple was 
constrained to a small family of sub-vertical extensional faults striking northwest. 
• When all other plausible interpretations of the teleseismic body wave data (ex-
cluding the waveform recorded at SCP), assuming a single double couple source, 
were tested using the relative amplitude method, there were no compatible solu-
tions. This suggests that only the interpretation of the teleseismically recorded 
waveforms used in this study is consistent with a single double couple source. 
• A comparison of observed and synthetic body wave seismograms suggests that 
the source depth is 6.5 km. i.e. the teleseismic data are consistent with a double 
couple source at a much greater depth than the mine. 
• The crustal structure of the epicentral region required to model the near-surface 
reflections and S to P conversions (notably at the Moho) is similar to that ob-
tained from a refraction survey to the south of the epicentre. 
• The emergent nature and negative polarity of many local and regional distance 
P wave seismograms, which were interpreted by some authors as evidence of a 
dilatational source mechanism, and by others as the first in a series of increasing 
magnitude sub-events, are also consistent with the source parameters found by 
the application of the relative amplitude method and by synthetic seismogram 
fitting. 
• Synthetic Rayleigh wave seismograms calculated using the model used to gener-
ate the synthetic body waves recorded at teleseismic distances, match well the 
waveforms and travel times observed on the waveforms recorded by the Blacknest 
network, except at EKB. 
• The synthetic Rayleigh wave seismograms calculated for EKB and SBD suggest 
that there is a significant difference between the paths to EKB and to SBD. The 
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path to EKB is more attenuating than that to SBD, and the 15 second period 
Airy phase arrives by a slower path to EKB compared with SBD. This effect is 
attributed to the structure and orientation of the North Sea grabens. 
• Analysis in the frequency domain of synthetic Rayleigh wave seismograms sug-
gests that the absence of a spectral notch in the observed Rayleigh wave seismo-
grams means that obtaining focal depths from spectral shape alone is unreliable. 
• Analysis in the frequency domain of synthetic Rayleigh wave seismograms shows 
that for vertical and near-vertical faults at a depth greater than 2-3 km, no 
spectral notch is observed in the period range 4 to 60 seconds. i.e. the absence 
of a spectral notch in the observed Rayleigh wave spectra is consistent with the 
orientation of the fault plane obtained using the teleseismically recorded body 
wave data. 
• Analysis of short period seismograms obtained from Gräfenberg, the French Net-
work and the Blacknest network, shows that the R9  phase is not observed. How-
ever, recent analysis of the R9  phase using synthetic seismograms has shown 
that observation of the R9  phase is sensitive to path effects, such as topography, 
anelastic attenuation and scattering. 
• The orientation of the fault plane, obtained from the teleseismic data analysis, 
is consistent with the intraplate tectonic setting of the northern part of the still 
active Upper Rhine Graben. 
• Consideration of the seismicity and tectonics of the epicentral region suggests that 
the majority of energy released during the 1989 Völkershausen seismic disturbance 
may have been from tectonic stress release, possibly induced by mining activity. 
Chapter 4 
Short Period P Waves from the 
1976 Gazli Earthquake Sequence 
4.1 Introduction 
On 8 April 1976 at 02-40 a large (6.2mt',  7.0M81 ) earthquake occurred in western 
Uzbekistan. This was followed on the same day by a 6.Om earthquake at 02-59, 
and by many aftershocks. Another large (6.2mL, 7 .0411SC) earthquake occurred on 
17 May 1976 at 02-58. The high level of seismic activity continued at least until the 
end of November 1976. 
This remarkable series of earthquakes occurred in an intraplate region (figure 4.1) 
previously thought to have had a low seismic risk. The Arabian and Indian plates are 
converging on the Eurasian plate about 1000 km to the south of the epicentral region. 
The epicentres of these earthquakes lie north of the town of Gazli, Uzbekistan, the site of 
a major gas field. Simpson & Leith (1985) suggested that this 1976 sequence and more 
recent earthquake sequences, such as those in 1984 in the same region (Pearce 1987) 
were induced by extraction activity in the gas field. Kristy et al (1980) after examining 
the historical seismicity of the region suggested that this sequence of earthquakes may 
be associated with the westward extension of a zone of Hercynian deformation in the 
southern Tien Shan fault system (figure 4.2). 
The two mainshocks on 8 April 1976 and on 17 May 1976 were analysed by Kristy 
et al (1980), by modelling long period body waves. The solution they obtained for the 
51 
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8 April earthquake from the P waves was an approximately 45° dipping reverse fault 
striking east-west; however the P wave solution for the 17 May earthquake was a 55° 
dipping reverse fault striking northeast-southwest. 
Pearce et al (1980) applied the relative amplitude method (Pearce 1977, 1980) to 
the processed array seismograms for 21 of these earthquakes to ascertain how much 
constraint is placed on the orientation of an a priori double couple source by four or 
fewer teleseismic high quality observations. Pearce (1980) concluded that the appli-
cation of the relative amplitude method to shallow intraplate earthquakes using only 
three or four short period (SP) array seismograms placed a tight constraint on the 
orientation of an a priori double couple source for earthquakes with Mb  as low as 5.0. 
Pearce et al (1980) extended this conclusion to earthquakes as small as 4-Om, and 
found that the SP array seismograms recorded from 21 earthquakes in the 1976 Ga-
zli sequence were consistent with shallow 45° dipping reverse faults striking generally 
northwest-southeast. 
In this chapter the study of Pearce et al (1980) is extended to include 17 more earth-
quakes in the 1976 Gazli sequence. The study of these 17 small earthquakes is made 
possible by careful processing of the array seismograms, and utilising all of the avail-
able waveform information. 38 earthquakes are processed using the method of Pearce 
& Rogers (1989) which uses a modification of the relative amplitude method in which 
five out of the six independent components of the moment tensor are constrained. The 
scalar moment is not constrained because relative amplitudes are used. The Gaussian 
relative amplitude method (Rogers & Pearce 1992) is also applied to the 38 earthquakes 
in the 1976 Gazli sequence. The Gaussian relative amplitude method allows a 'best-fit' 
moment tensor to be found using a more objective method than choosing a compatible 
solution from the results of the relative amplitude method (Pearce et al 1980, Pearce 
1987). 
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Figure 4.1. The location of the Gazil earthquakes (marked by a star) and the related 
plate tectonics. Closed sawtooths represent ocean-continent convergence, and the open 
teeth represent continent-continent convergence. Single large arrows show the direction 
of relative plate motion. The circle represents the triple junction between the Indian, 
Arabian and Eurasian plates (after Kristy et al (1980)). 
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Figure 4.2. Earthquake seismicity of the Eurasian/Arabian/Indian triple junction 
from 1964-1985. 
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4.2 Teleseismic Observations 
4.2.1 The Data 
Of the many earthquakes in the 1976 Gazli sequence over 50 were detected at teleseismic 
distances using the four medium aperture SF array stations YKA (Canada), CBA 
(India), WRA (Australia), and EKA (Scotland) (figure 4.3). Table 4.1 shows the 
ISC catalogue locations for these earthquakes. Earthquake depths of 33 km are so 
constrained by the ISC in the hypocentre inversion. Depths of 50 km or greater are 
probably incorrect, and represent very low magnitude (mC -..' 4.0) earthquakes that 
have comparatively poorly constrained origin times and hypocentres. 
The original data were digitised and SP seismograms for each array were formed 
by summing the waveforms recorded at each seismometer in the array after applying 
the appropriate time shift. This increases the signal-to-incoherent-noise ratio up to 
a factor where in is the number of seismograms summed. Ideally, m is all 20 of 
the recorded seismograms in the array, but exceptionally noisy channels, channels with 
glitches, and unserviceable channels were removed prior to processing, so generally in 
is less than 20. A detection threshold of at best 3.6m 6I is obtained. Typically, YKA 
has the highest signal-to-noise ratio of the arrays and EKA the lowest. 
The teleseismic waveforms recorded by the array stations are of extremely high 
quality, with sharp P onsets and clear surface and near-surface reflections. The high 
seismogram quality is expected in an intraplate setting (Pearce 1987), where the con-
tinental crust has a simple plane-layered crustal structure and the path to the station 
has little anelastic attenuation. The impulsive nature of the P phase and the associated 
surface reflections in the SP pass band implies that the rupture duration, TD,  was short 
(TD '-' 1.0 seconds mf' [3.6, 5.2]) and that the source-time function was relatively 
simple. 






( ° N) 
Longitude 
( ° E) 
Depth 
(Km) 
Detection Information Category 
YKA  EKA GBA WRA 
8 April 02-40-23.9 40.314 63.721 10  
8 April 02-59-01.4 40.177 63.792 5 
8 April 03-15-22.2 40.217 63.841 33 ../ .,J ../ V 2 
8 April 03-30-49.6 40.448 63.393 33 .,J ,J ..J ,./ 2 
8 April 04-46-07.8 40.451 63.537 27 .J ../ .J ../ 5 
8 April 04-58-54.5 40.311 63.591 37 ..J ./ ..J ,,/ 5 
8 April 06-16-50.7 40.301 63.685 33 ..J ../ / ../ 2 
8 April 09-10-09.3 40.234 63.785 38 ..J ,/ ..J ,J 2 
8 April 12-03-41.3 40.239 64.054 33 .,/ ../ ..J .,J 2 
8 April 22-54-18.0 40.410 63.701 33 .,J .,J .J ../ 5 
9 April 02-46-24.9 40.293 63.585 48 ,/ x J ../ 5 
12 April 06-35-23.2 40.391 63.634 24 ..J .../ .J .J 5 
12 April 16-12-59.5 40.478 63.553 33 x x x ../ 5 
14 April 19-26-56.4 40.241 63.678 42 x x V 5 
14 April 07-51-11.0 38.800 64.000 24N x J ../ - 5 
15 April 06-15-21.1 40.439 63.638 33 ../ ../ ./ / 5 
15 April 16-35-19.3 40.122 63.597 92 x x x ../ 5 
16 April 02-36-52.4 40.050 63.444 108 x x x V 5 
17 April 12-11-14.6 40.455 63.777 33 x .,/ / ,J 2 
17 April 13-47-57.4 40.172 63.658 53 x .J x ..J 5 
17 April 20-21-47.3 40.543 63.563 33 x x x 5 
18 April 22-37-39.8 40.292 63.922 33 ..J ..J ../ / 2 
21 April 14-41-30.7 40.338 63.788 4 ./ s/ ../ / 2 
21 April 22-33-31.7 40.471 63.821 50 x V x 5 
21 April 23-18-33.7 40.420 63.616 26 ../ ./ x V 5 
23 April 01-56-46.6 40.390 63.718 17 ..J - - 2 
23 April 20-55-28.7 40.417 63.569 6 - ./ ,/ 2 
24 April 13-57-01.5 40.316 63.817 33 - - J ../ 2 
2 May 15-41-36.8 40.360 63.599 33 x - - 5 
7 May 00-10-49.9 40.372 63.716 33 .,J J .,/ ,J 2 
9 May 07-51-15.2 40.321 63.949 7 ,J .J ,,/ ,/ 2 
17 May 02-58-41.1 40.352 63.449 14 ../ ../ - ../ 1 
17 May 04-14-13.6 40.386 63.192 33 ,/ - - 1 4 
17 May 04-53-52.0 40.381 63.542 33 ,J ..J - 2 
17 May 11-01-28.5 40.473 63.353 52 - - - 5 
17 May 17-46-18.3 40.187 63.356 30 ..J ..J - ./ 3 
18 May 04-16-22.6 40.288 63.578 10 .,/ -../ - 3 
18 May 08-57294N 40460N 63490N 33N / .,/ -. 3 
18 May 13-54-32.4 39.760 63.480 160 ,J ./ - ../ 3 
19 May 01-11-17.4 40.450 63.395 4 ,J x - 5 
19 May 15-54-44.7 40.270 63.410 26 ,J ,/ - ./ 2 
19 May 16-21-44.9 40.330 63.580 33 ..J ,J - ../ 5 
21 May 16-05-28.5 40.210 63.214 33 x x - ../ 5 
21 May 18-29-02.7 40.209 63.492 118 x - - X 5 
23 May 09-49-22.3 40.324 63.131 56 x x - 5 
24 May 06-10-54.7 40.393 63.192 33 x x - 5 
24 May 14-56-12.4 40.288 63.465 33 ,J x - ./ 5 
28 May 14-05-37.1 40.359 63.592 25 - - .,/ 2 
1 June 07-31-57.7 40.363 63.716 25 ..J x - ../ 2 
6 June 04-19-09.9 40.325 63.467 37 ,J )( - 5 
11 June 13-42-37.9 40.287 63.487 42 - x - 5 
20 June 23-33-48.1 40.4 10 63.755 6 V - - 2 
23 June 09-49-32.8 40.418 63.618 33 / .,/ - 2 
8 July 23-35-37.4 40.353 63.650 33 ./ .../ - 2 
4 Aug. 02-23-44.7 40.353 63.384 33 x x - x 5 
18 Aug. 23-17-55.2 40.330 63.482 33 ,/ - - x 5 
21 Aug. 12-15-34.2 40.577 63.239 33 x x - x 5 
22 Sept. 21-49-41.4 40.465 63.329 21 .,/ / - ../ 2 
17 Oct. 03-25-33.0 40.398 63.749 33 1 V - 5 
18 Oct. 21-01-48.3 40.271 63.392 33 / x - 5 
2 Nov. 22-19-34.0 40.200 63.480 61 x .,J - 5 
28 Nov. 1 	20-39-37.5 1 	40.275 1 	63.791 1 	20 1 - - 5 
Table 4.1. The ISC catalogue entry for the 1976 Gazli earthquake sequence. \/' 
indicates that a P wave is detected, 'x' indicates that there was no detection at that 
array station, and '-' indicates that the array station was not recording. * Category is 
defined in section 4.2.2. N  indicates that the parameter was determined by the NEIC. 
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Figure 4.3. Location of the short period array stations YKA, (A = 77•50 e = 359.2°), 
GBA, (A = 29.3° = 151.5 0), WRA, (A = 88.8° = 117.4°) and EKA, (i = 45.5° 
= 312.6°). i = epicentral distance to array. = azimuth of array from epicentral 
region. The asterisk indicates the epicentral region for the 1976 Gazli earthquakes 
4.2.2 Classification of Earthquakes 
The earthquake classification used by Pearce et al (1980) is based on the seismogram 
quality and number of array stations recording the earthquake and is summarised 
below:- 
Category 1 	Earthquakes with overloaded or extremely complex seismograms. 
Category 2 	Earthquakes with clear discrete phases on at least two (but gen- 
erally three or four) seismograms, with consistent relative arrival 
times at each station. 
Category 3 	Earthquakes with at least two well—recorded seismograms but 
with complex waveforms or inconsistent arrival times between s-
tations. 
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Category 4 	Earthquakes with only one seismogram available with a good sig- 
nal to noise ratio i.e. a limitation is imposed by the unavailability 
of one or more arrays, rather than by signal amplitude. 
Category 5 	Low m, earthquakes with low signal-to-noise ratio seismograms, 
or below the detection limit. 
The aim of the earthquake classification of Pearce et a! (1980) was to identify 
earthquakes which had the potential to constrain tightly the orientation of an a priori 
double couple source using the relative amplitude method (Pearce 1977, 1980). 
Figure 4.4 shows examples of typical body waveforms recorded for all categories 
except category 4. The category 1 waveform is clearly overloaded with some clipping 
of later coda. The category 2 waveform shows two clear impulsive arrivals, the first 
is identified as P and the second as a surface reflection. The category 3 waveform 
has a complex form, also the arrival time of the first phase, P?, is about 12 seconds 
earlier than that predicted by the Jeffreys-Bullen travel time tables. The category 5 
waveform shows two clear impulsive arrivals. This is typical of waveforms recorded at 
YKA for category 5 earthquakes above the detection threshold, generally arrivals were 
identifiable on the GBA and WRA seismograms after processing. The general high 
quality of many waveforms recorded at YKA for category 5 earthquakes suggests that 
the data have the potential to constrain the moment tensor. 
To test how well the array station waveforms can constrain the focal mechanism, 38 
earthquakes were selected on the basis of reasonable seismogram quality with waveforms 
recorded by at least two array stations. The 38 earthquakes (shown in table 4.2) include 
all of the category 2 earthquakes of Pearce et a! (1980) and 17 'new' earthquakes which 
were category 5 earthquakes in the classification of Pearce et a! (1980). 
	
Chapter 4. Short Period P Waves from the 1976 Gazli Earthquake Sequence 	59 
I 	 ---- 430 














Figure 4.4. Typical array seismograms as classified by Pearce et al (1980). (a) Seis-
mogram recorded at EKA for the category 1, 02-40 earthquake of 8 April 1976. (b) 
Seismogram recorded at GBA for the category 2, 06-16 earthquake of 8 April 1976. (c) 
Seismogram recorded at GBA for the category 3, 04-14 earthquake of 18 May 1976. 
(d) Seismogram recorded at YKA for the category 5, 22-54 earthquake of 8 April 1976. 
'A' marks the predicted arrival time of the P wave using the Jeffreys-Bullen travel time 
tables. Amplitudes are in nm. The correlogram shows the arrival of in-phase energy 
across the array (see section 3.2.1). 









m bISC  Category 
1 8 April 1976 03-15-22.2 40.217 63.841 4.3 2 
2 8 April 1976 03-30-49.6 40.448 63.393 4.0 2 
3 8 April 1976 04-46-07.8 40.451 63.537 4.2 5 
4 8 April 1976 04-58-54.5 40.311 63.591 4.5 5 
5 8 April 1976 06-16-50.7 40.301 63.685 4.5 2 
6 8 April 1976 09-10-09.3 40.234 63.785 4.2 2 
7 8 April 1976 12-03-41.3 40.239 64.054 5.1 2 
8 8 April 1976 22-54-18.0 40.410 63.701 4.0 5 
9 9 April 1976 02-46-24.9 40.293 63.585 4.4 5 
10 15 April 1976 06-15-21.1 40.439 63.638 4.2 5 
11 17 April 1976 12-11-14.6 40.455 63.777 4.4 2 
12 17 April 1976 13-47-57.4 40.172 63.658 4.0 5 
13 17 April 1976 20-21-47.3 40.543 63.563 4.0 5 
14 18 April 1976 22-37-39.8 40.292 63.922 4.6 5 
15 21 April 1976 14-41-30.7 40.338 63.788 4.9 2 
16 21 April 1976 22-33-31.7 40.471 63.821 4.1 5 
17 21 April 1976 23-18-33.7 40.420 63.616 4.0 5 
18 23 April 1976 01-56-46.6 40.390 63.718 4.7 2 
19 23 April 1976 20-55-28.7 40.417 63.569 4.6 2 
20 24 April 1976 13-57-01.5 40.316 63.817 4.4 2 
21 7 May 1976 00-10-49.9 40.372 63.716 4.7 2 
22 9 May 1976 07-51-15.2 40.321 63.949 5.1 2 
23 17 May 1976 04-14-13.6 40.386 63.192 4.6 4 
24 17 May 1976 04-53-52.0 40.381 63.542 4.7 2 
25 19 May 1976 01-11-17.4 40.450 63.395 4.5 5 
26 19 May 1976 15-54-44.7 40.270 63.410 4.9 2 
27 19 May 1976 16-21-44.9 40.330 63.580 4.7 5 
28 24 May 1976 14-56-12.4 40.288 63.465 4.6 5 
29 28 May 1976 14-05-37.1 40.359 63.592 4.8 2 
30 1 June 1976 07-31-57.7 40.363 63.716 4.7 2 
31 6 June 1976 04-19-09.9 40.325 63.467 4.5 5 
32 20 June 1976 23-33-48.1 40.410 63.755 5.2 2 
33 23 June 1976 09-49-32.8 40.418 63.618 4.8 2 
34 8 July 1976 23-35-37.4 40.353 63.650 4.6 2 
35 22 Sept. 1976 21-49-41.4 40.465 63.329 4.8 2 
36 17 Oct. 1976 03-25-33.0 40.398 63.749 5.1 5 
37 18 Oct. 1976 21-01-48.3 40.271 63.392 4.7 5 
38 28 Nov. 1976 1 20-39-37.5 1 	40.275 1 	63.791 1 	4.6 5 
Table 4.2. The ISC parameters for the selected 38 earthquakes of the 1976 Gazli 
sequence having waveforms recorded with identifiable F, pP and sP phases by at least 
two array stations. * Category is defined in section 4.2.2 
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4.3 Moment Tensor Determination 
4.3.1 Introduction 
The study of Pearce et al (1980) used the relative amplitude method to constrain the 
orientation of an a priori double couple source using the relative amplitudes of the P, 
pP and sP phases for 21 of the category 2 earthquakes in the 1976 Gazli sequence. In 
section 3.2.2 it was shown that the extension of the relative amplitude method of Pearce 
& Rogers (1989) allows the a priori double couple to be relaxed, so that the source-type 
part of the moment tensor can be constrained. The results from the relative amplitude 
method will give an estimate of the error for five of the six independent moment tensor 
components. The results from the relative amplitude method will also show how much 
constraint can be placed on the source type and orientation of small earthquakes using 
four or less high quality observations at teleseismic distances. 
4.3.2 Assignment of Amplitude Bounds 
It is assumed initially that the interpretation of Pearce et at (1980) of the observed 
waveforms, in terms of a large-amplitude positive-polarity P phase, a large-amplitude 
negative-polarity pP phase and a small sP phase, is correct (i.e. the observed seismo-
grams are generally class 10 seismograms of Pearce (1980)). Following this assumption 
figure 4.4b is interpreted as having clear impulsive P and pP phases, with the sP phase 
not detectable above the noise. The apparent absence of the sP phase places a large 
constraint on the orientation of the S wave radiation pattern of the earthquake source, 
as the sP phase must have been radiated on, or near to, a node of SV. The relative 
amplitude method, unlike whole waveform inversion methods, is able to use the this 
apparent 'absence of information' to place a large constraint on the moment tensor so- 
 
- 
lution by using nodal and near-nodal phase observations. The assignment of amplitude 
bounds to the phases F, pP and sP is as described in section 3.2.2. 
4.3.3 The Compatibility Plot 
The .range of relative amplitudes corresponding to the amplitude observations from a 
set of earthquakes can be represented using the compatibility plot of Pearce, Hudson 
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& Douglas (1988). The compatibility plot, shown in figure 4.5, uses one set of co-
ordinate axes to display all possible normalised amplitude vectors as defined by the 
relative amplitudes of P, pP and sP. The shape and scale of the plot is such that there 
is a uniform distribution of seismogram quality throughout the plot. The seismogram 
quality is determined by the width of the error bounds placed on a particular phase 
on an observed seismogram due to uncertainties such as seismic noise and waveform 
complexity. The error bounds become a three dimensional set of limits on the unnor-
malised amplitude vectors in P, pP and sP space. Figure 4.6 shows where examples 
of different P, pP and sP relative amplitude ratios plot and the corresponding form of 
the observed seismogram. A particular observation of the relative amplitudes of P, pP 
and sP plots as a point. Since in the relative amplitude method bounds are defined 
within which the relative amplitudes of P, pP and sP exist, each observation plots as a 
curvilinear polygon (figure 4.7), with bounds defined by contours of pP/F, sP/P and 
sF/pP ratios (although only any two of these ratios are independent). 
For a seismic source the polarity of the P phase is important, so two compatibility 
plots are needed to describe fully all possible seismograms. For a randomly oriented 
double couple source, as investigated by Pearce et al (1988), both the positive P polarity 
and negative P polarity compatibility plots should be the same. Generally, when the P 
polarity on a seismogram from a given source type is reversed the source type changes. 
The double couple is the only point source type that remains unchanged when the 
polarity of the P phase is reversed. 
When real data are used, the polarity of the P phase is often unknown for small 
teleseismically recorded earthquakes. All observed P polarities at the four array stations 
for the 1976 Gazli sequence are positive (compressional), but at noisy array stations, 
such as GBA and WRA, the polarity of the P phase is often unknown. 
Figure 4.8 shows the relative amplitude bounds derived from the observed seismo-
grams at YKA for the 38 earthquakes in table 4.2. The amplitude bounds are shown as 
a probability density, represented both as a dot density plot and as a 48 x 48 matrix of 
probability volume elements. The number in each element represents a 'hit count' allow-
ing a typical seismogram to be found for each array station recording the 38 earthquakes 
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Figure 4.5. The compatibility plot displays all possible normalised amplitude vectors defined by the relative amplitudes of P, pP 
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Figure 4.6. Observed seismograms plot as zones on the compatibility plot (after Pearce et al (1988)). 
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Figure 4.7. Uncertainties in measuring observed seismogram phases means that real seismograms plot as a zone and not as a point. 
The shaded zone represents the seismogram shown (after Pearce et al (1988)). 
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selected. The compatibility plots for the array stations GBA, EKA and WRA are 
shown in figures 4.9, 4.10 and 4.11 respectively. 
The compatibility plots of the measured relative amplitudes of the P, pP and sP 
phases from the array seismograms can be used to summarise the typical array wave-
form and uncertainty at each station. Figure 4.9 (GBA) and figure 4.10 (EKA) show 
a large scatter in the measured relative amplitudes; however both have a maximum 
'hit-count' in the region where class 10 seismograms (Pearce 1980) plot. There is also 
an approximate reflection symmetry across the near-vertical pP/P = 0.0 contour and 
the near-horizontal sP/P = 0.0 contour caused by the general undefined polarity of 
the pP and sP phases. 
A similar pattern to that described for the GBA and EKA observations is also seen 
in the measured relative amplitudes for seismograms recorded at WRA, (figure 4.11). 
The scatter in the data appears to be less than at GBA and EKA, but this is primarily 
because the station stopped recording after the 9 May 1976 earthquake (table 4.1) and 
consequently only 16 seismograms could be measured (about half the number measured 
at GBA and EKA). Again, there is an approximate symmetry in each 'quadrant' caused 
by the uncertainty in the polarity of the pP and sP phases. 
The compatibility plot for YKA (figure 4.8) shows a different pattern, with less 
scatter in the data, and only one plane of reflection symmetry in the near-horizontal 
sP/P = 0.0 contour. The reduction in data scatter indicates that the relative ampli-
tudes of the P, pP and sP phases are comparatively well defined compared to those 
observed at GBA, EKA and WRA due to the larger signal-to--noise ratio observed on 
the YKA seismograms. The loss of the reflection symmetry across the near-vertical 
pP/P = 0.0 contour indicates that the polarity of the pP phase is usually negative 
(all observed P polarities at YKA were positive). The reflection symmetry across the 
sP/P = 0.0 contour and the values of sP/P indicate that, generally, sP has an unknown 
polarity and a small amplitude compared with the P phase. 
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Figure 4.8. Relative amplitudes of P,pP and sP measured at YKA, for all of the 38 
earthquakes shown in table 4.2, plotted on a dot density and matrix element cumulative 
compatibility plot. 
Chapter 4. Short Period P Waves from the 1976 Gazli Earthquake Sequence 	68 
CO 
PP/P 	amplitude 	ratio 
(a) GBA P—negative 
	 (b) GBA P—positive 
.0089 	6 	211112 	$ 	899 
S 	818 6 7788 
5 	9I0 	0 	2227 9009 
5 	9970 0 212? 	9109 
59101011171 9 	4 	S 1710101110 
FrA41 1 61' S6 4 
59101011101 9 4 S 	1010101110 
	
= 	59101011101 9 	40 3 S 1010101110 10111111101 4 	3 	9101110111110  
0101 1111101 9 	4 	. 3 1101010111110  
1010101110 S 9101011101 4 
9101011131 4 91010101110 
9101011131 	43335 	1010001110 
- 	5 99709 422224 0 99109 
- 5 	99009 	422224 	8 99009 
87 6 	708 
S 780 







(c) GBA P—negative 
16 	
Il I • $101010 9? I 91010 
1212121211109644 	21 123446091111111111 	2 
1131311111110?63 	2 	i0I99l0l0l?lI 
- 	1413111110 874 9 900,111.11 
loll 1516141S1211 	33 	11 41111113l2ll4l4l 
1111715151S131210 	31 034 910111311131313t 
1172010191$171412 	5335 7111214161S1616131 
11720191919191714 	744 6 $13141610151710130 
1112120212122201010 9557 91S171920161117141 
111021121011955 71015071920161017141 
118212021212220t61110 SS 71015171920101011141 
_ 	219222121202220161110 	5 7181S171920101818151 
E 209l2l121212220161110 	
5 7181S  1719101018I8101
Il82l002l2I220I6lll 55 7101S111920161817141 
11821202121.2201610 	S 7101S171920161817141 
18210211220119 7 9151I1920161817141 
a—. 	ll?20191919201714 	440 113141610151716131 
- 11720181910181512 a 1 335 111315161S101613I ._.. II1I7ISISISISI2IO 	1134 9101113111313131 
Cl) 	 117171415131311 9 07340 911 12111313q1 
14171,1614140412 0 	224 	31i1312111 141 02 
9 910 10111 0 l3I3lIlIlll0l632 	j4460 	IllIlu101l 121108644 	311 
Ill  I 
(d) GBA P—positive 
Figure 4.9. Relative amplitudes of P,pP and sP measured at GBA, for 26 of the 38 
earthquakes shown in table 4.2, plotted on a dot density and matrix element cumulative 
compatibility plot. 
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Figure 4.10. Relative amplitudes of P,pP and sP measured at EKA, for 30 of the 38 
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Figure 4.11. Relative amplitudes of P,pP and sP measured at WRA, for 16 of the 38 
earthquakes shown in table 4.2 plotted on a dot density and matrix element cumulative 
compatibility plot. 
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P wave speed S wave speed Density Thickness 
km s_ i km s-I  g cm -3 km 
Layer 1 3.00 1.73 2.7 0.5 
Layer 2 4.60 2.66 2.7 3.0 
Layer 3 6.10 3.52 2.8 29.0 
Layer 4 8.20 4.73 1 	3.3 oo 
Table 4.3. Crustal structure used to calculate the amplitude correction for phases 
with take-off angles in the upper part of the focal sphere (from Pearce et a! (1980)). 
4.3.4 Moment Tensor Analysis 
Pearce et a! (1980) demonstrated that 21 earthquakes in the 1976 Gazli sequence were 
consistent with a single double couple source using the relative amplitude method 
(Pearce 1977, 1980). The modification to the relative amplitude method of Pearce & 
Rogers (1989) allows the a priori double couple of Pearce (1977) to be relaxed so that 
the source type can be constrained as well as the orientation. The ability of a set of 
relative amplitude observations to constrain the source type part of the moment tensor 
is highly dependent on the information content of the seismograms used and on the 
focal sphere coverage (Stimpson 1987, Stimpson & Pearce 1987, Pearce & Rogers 1989). 
To examine how well four observations at teleseismic distances can constrain the 
source type, two of the larger earthquakes were selected for analysis; the 5.1 m C 7  
12-03 earthquake of 8 April 1976 (earthquake 7, table 4.2) and the 4.9m, 14-41 
earthquake of 21 April 1976 (earthquake 15, table 4.2). For these two earthquakes, 
and for all the earthquakes processed, a Zoeppritz correction is applied to compensate 
for amplitude loss due to the crustal structure above the source. The crustal structure 
assumed is that of Pearce et a! (1980) shown in table 4.3. The take-off angles from the 
source to the four arrays are calculated assuming a source-layer P wave speed of 6.1 
km s 1 , i.e. it is assumed that all of the earthquakes nucleate in layer 3 (table 4.3). 
Figure 4.12 shows the processed waveforms recorded at the four array stations for 
the 12-03 earthquake of 8 April 1976. The waveforms from this earthquake are of 
superb quality and represent an 'ideal' dataset to test the ability of the relative ampli-
tude method to constrain the source type using only four array waveforms recorded at 
teleseismic distances. The waveform at EKA has a near-nodal P phase followed by a 
large-amplitude negative-polarity pP phase and then by a small sP phase. The YKA 
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seismogram is typical of the majority of seismograms recorded by the four arrays from 
the earthquakes in the 1976 Gazli sequence; with a large-amplitude positive-polarity P 
phase, a large-amplitude negative-polarity pP phase, and a small amplitude sP phase. 
The WRA and GBA seismograms both have a large-amplitude positive-polarity P 
phase and then no large arrivals, indicating that both pP and sP are located near 
nodes in the source radiation pattern. 
When the relative amplitude method (Pearce & Rogers 1989) is applied to the 12-
03, 8 April 1976 earthquake using the relative amplitudes described in table 4.4 a tight 
constraint is placed on the number of compatible moment tensors (0.013% of T, k, 6, 7p , a 
space). Figure 4.13 shows the results of the relative amplitude method displayed on the 
source type plot of Hudson et al (1989). It is clear that while little constraint is placed 
on the deviatoric part (T) of the source type, the volume component is constrained 
to be k [-0.2, 0.4]. This demonstrates that the relative amplitude method is able 
to constrain volume change at the source using only four observations at teleseismic 
distances, whereas whole waveform inversion methods cannot constrain volume change 
and generally need more than four observations to give reasonable results. 
Unfortunately, the waveforms recorded at the four array stations from the 12-03 
earthquake of 8 April 1976 are atypical when compared with the other waveforms 
recorded from earthquakes in the 1976 Gazli sequence. The nodal P wave observa-
tions, which place a large constraint on the source radiation pattern, for the 12-03, 
8 April earthquake are not usually observed. Typically, the best array waveforms are 
similar to those shown from the 14-41 earthquake of 21 April 1976 (figure 4.14). The 
seismograms shown in figure 4.14 have no nodal P wave observations, except SP which 
samples the upward going S wave radiation pattern at the source. When the relative 
amplitude method is applied using the relative amplitude bounds described in table 4.5 
the deviatoric part (T) of the moment tensor is unconstrained and the volume part is 
poorly constrained k [-0.25, 1.0]; only implosional mechanisms being excluded. 
It is clear that, with the exception of the 12-03, 8 April 1976 earthquake, the 
waveform data recorded by the arrays generally does not contain enough information 
to constrain meaningfully the source type part of the moment tensor. However, the 
data is compatible with a double couple source, and since this is the 'classic' earthquake 
Chapter 4. Short Period P Waves from the 1976 Gazli Earthquake Sequence 	73 
8 April 1976, 12-03 earthquake (earthquake 7, table 4.2) 
Observation P PP SP 
Station L 	Azimuth Pot Min Max Pol Min Max Pot Min Max 
GBA 29 . 00 152.10 + 6.0 10.0 U 0.0 5.0 U 0.0 6.0 
EKA 45 , 70 	312 . 70 U 2.0 4.0 - 8.0 12.0 U 0.0 4.0 
YKA 77•70 359.30 + 11.0 15.0 - 12.0 16.0 U 0.0 4.0 
WRA 88.60 	117.50 + 4.0 8.0 U 0.0 1.5 U 0.0 2.0 













Correlogram 	 Correlogram 
0 	10 	20 
Seconds 
Figure 4.12. The summed short period waveforms recorded at YKA, GBA, EKA and 
WRA, for the 12-03 earthquake of 8 April 1976 (earthquake 7, table 4.2). The position 
of each array station is shown on a lower hemisphere focal projection. The relative 
amplitudes used in the moment tensor analysis are shown in table 4.4. 
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mechanism, results from the relative amplitude method will be restricted to obtaining 
a priori double couple orientations. 
Figure 4.15 shows the orientation of compatible double couple solutions for the 
two category 2 earthquakes discussed above. The relative amplitude method has con-
strained the focal mechanism to reverse faults. In figure 4.15a pure reverse faults 
( 900) are excluded, compatible solutions being constrained to a family of reverse 
oblique slip faults. In figure 4.15b the compatible region is constrained to near—pure 
45° dipping reverse faults, both dip (5) and slip (v'), are tightly constrained by the 
Explosion k = 1.0 
Implosion k = —1.0 
Figure 4.13. Source type plot showing the range of source types that are compatible 
with the relative amplitudes measured for the 12-03, 8 April 1976 earthquake described 
in table 4.4. The centre of each circle represents a source type for which at least one 
compatible solution exists. 
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21 April 1976, 14-41 earthquake (earthquake 15, table 4.2) 
Observation P PP SP 
Station A 	Azimuth Pol Min Max Pot Min Max Pot Min Max 
GBA 29.1 0 151.90 + 5.0 8.0 U 5.0 7.0 U 0.0 5.0 
ERA 45.60 	312.60 + 6.0 12.0 U 6.0 12.0 U 0.0 7.0 
YKA 77.60 359.2 0 + 15.0 20.0 - 15.0 20.0 U 0.0 8.0 
WRA 88.70 	117.50 + 8.0 12.0 U 7.0 15.0 U 0.0 5.0 
Table 4.5. Phase polarity: + compression, - dilatation, U unknown polarity. 
EKA 	P PP SP 
	 YKA 	p PP SP 
Correlogram ,1114, 	 Correlogram 






0 	10 	20 
Seconds 
Figure 4.14. The summed short period waveforms recorded at YKA, GBA, EKA 
and WRA, for the 14-41 earthquake of 21 April 1976 (earthquake 15, table 4.2). The 
position of each array station is shown on a lower hemisphere focal projection. The 
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data, but the strike (a) is unconstrained. The poor constraint on the strike of the 
14-41, 21 April earthquake is a consequence of the radiation pattern from 45° dipping 
reverse dip slip faults. The P and pP phases radiated to teleseismic distances leave the 
source close to the positive and negative antinodes respectively, of the double couple 
radiation pattern. The S wave radiation pattern, as sampled by the sP phase, for a 45° 
dipping reverse dip slip fault is close to a node when radiated to teleseismic distances. 
This means that if a tight constraint can be placed on the amplitude of the sP phase 
then a tight constraint is placed on the orientation of the strike of a double couple 
source. 
Figure 4.16 shows the waveforms recorded by the four array stations for a small, 
4.3m L SC , earthquake at 03-15 on 8 April 1976. The relative amplitude bounds mea-
sured are shown in table 4.6. Figure 4.18a shows the range of double couple orientations 
compatible with the observations. Again the dip () and the slip () are tightly con-
strained by the data, but the strike is unconstrained. 
Figure 4.17 shows the waveforms recorded by the four arrays for the 22-33 earth-
quake of 21 April 1976. This earthquake represents the worst case, with poor signal—to-
noise ratios, and only two useful array seismograms. The waveforms and correlograms 
produced for EKA and WRA show no arrivals, and the earthquake is undetected at 
these stations. However, there is a clear arrival on the YKA seismogram corresponding 
to the predicted arrival time of the P phase from the Jeffreys—Bullen travel time tables. 
The correlogram clearly shows the arrival of two other phases after the P phase, these 
are interpreted as the surface reflections pP and sP. The GBA waveform is very noisy, 
but the correlogram shows an arrival, identified as P, at the predicted P arrival time. 
The correlogram also shows the arrival of two phases after the P phase similar to those 
on the YKA seismogram; these are interpreted as the pP and sP phases. Since the 
correlogram indicates an arrival of coherent energy across the array, both P and pP 
must have a reasonably large amplitude (i.e. not near a node). The amplitude of the 
sP phase appears to be less than that of the P and pP phases on the seismogram, so 
the amplitude of sP is allowed to vary from zero to just below the amplitude of P and 
PP (table 4.7). 
Correlogram Correlogram 
Chapter 4. Short Period P Waves from the 1976 Gazli Earthquake Sequence 	78 
8 April 1976, 03-15 earthquake (earthquake 1, table 4.2) 
Observation P PP SP 
Station L 	Azimuth Pot Min Max Pol 	Min Max Pot Min Max 
GBA 29.1 0 151.90  + 3.0 5.0 - 3.0 9.0 U 0.0 4.0 
EKA 45.60 	312.6 0 + 4.0 8.0 U 	4.0 8.0 U 0.0 7.0 
YKA 77.60 359.2 0 + 8.0 10.0 - 5.0 8.0 U 0.0 5.0 
WRA 88.7 0 	117.50 U 5.0 10.0 U 	4.0 6.0 U 0.0 5.0 








Figure 4.16. The summed short period waveforms recorded at YKA, GBA, EKA and 
WRA, for the 03-15 earthquake of 8 April 1976 (earthquake 1, table 4.2). The position 
of each array station is shown on a lower hemisphere focal projection. The relative 
amplitudes used in the moment tensor analysis are shown in table 4.6. 
P pPsP? 
YKA 	I JL 
Correlogram 
P pPsP? 
(UA 	I H 
Correlogram 	tl Ji I 
0 	10 	20 
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21 April 1976, 22-33 earthquake (earthquake 16, table 4.2) 
Observation P PP SP 
Station 	A 	Azimuth Pol 	Min 	Max Pol 	Min 	Max Pol 	Min 	Max 
GBA 29.1 0 151.90 U 8.0 15.0 U 8.0 	15.0 U 0.0 	12.0 
YKA 	77.60 	359.2 0 + 	8.0 	18.0 U 	3.0 13.0 U 	0.0 15.0 
Table 4.7. Phase polarity: + compression, - dilatation, U unknown polarity. 
Seconds 
Figure 4.17. The summed short period waveforms recorded at YKA, GBA, EKA 
and WRA, for the 22-33 earthquake of 21 April 1976 (earthquake 16, table 4.2). The 
position of each array station is shown on a lower hemisphere focal projection. The 
relative amplitudes used in the moment tensor analysis are shown in table 4.7. There 
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(b) 21 April 1976, 22-33, 4.1mC 
Figure 4.18. Vectorplots showing the orientation of compatible double couple fault plane solutions for (a) the 8 April 1976, 03-15 
earthquake and (b) the 21 April 1976, 22-33 earthquake. 
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Figure 4.18b shows the range of orientations of double couples that are compatible 
with the relative amplitudes measured for the 22-33 earthquake of 21 April 1976. It is 
clear that a much larger range of compatible solutions exists, but almost all extensional 
double couple orientations are not compatible with the data. The number of compatible 
solutions is equivalent to 13% of total 5, 0, or space. So while the amount of constraint 
placed on the orientation of a double couple by two noisy array seismograms appears 
to be of little value, in quantitative terms 87% of possible double couple orientations 
(in 5, , or space) are incompatible with the two array observations. 
4.3.5 Significance 
Pearce & Rogers (1994) formally define the concept of significance, S, which is a measure 
of the constraint a set of observations places on the orientation of an a priori double 
couple. Significance, S is defined as: 
R 
S = 1 - (ir 	sin 5)12N 	 (4.1) 
j= 1 
where N is the total number of possible solutions, R is the total number of com-
patible solutions, Jj is the dip of the ith  compatible solution and sin Jj allows for the 
fact that significance is measured in real space and not in dip, slip and strike space. A 
significance approaching unity indicates that the solution is well constrained. 
Table 4.8 shows the values of significance calculated for the 38 earthquake shown 
in table 4.2 along with an indication of which array stations were used in the relative 
amplitude method to constrain the orientation of an a priori double couple. 
The amount of constraint, indicated by the value of the significance, S, placed on 
the solutions is generally related to the number of recording stations and the signal—to-
noise ratio of each seismogram. Another important factor is the information content 
of the seismograms (Pearce 1980, Pearce et al 1988, Pearce & Rogers 1994). 
To illustrate that the information content of the seismograms can be more im-
portant than the number of recording stations, earthquake numbers 7 and 32 can be 
compared. Earthquake number 7, was recorded by four array stations, and 
ISC has a significance of 0.9978. Earthquake 32, 5.2m, was only recorded at two of the 
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array stations, yet has a significance of 0.9995, which is almost identical to earthquake 
number 7. 
The constraint on a solution depends upon the information content of the seismo- 
grams, and this is not solely dependent on the signal-to-noise ratio. To illustrate this, 
IS earthquake numbers 5 and 6 can be compared. Earthquake 5, 4.5n G', was recorded 
at four array stations, and has a significance of 0.9762. Earthquake 6, 4.2mj,, was also 
recorded at the same four array stations, yet has a significance of 0.9904, greater than 
for the larger magnitude earthquake number 5. 
4.3.6 Discussion 
The results of Pearce et al (1980) generally form a subset of the results presented here. 
A comparison of significance values shows that the value calculated in this study is 
less than the value calculated by Pearce et at (1980) for 17 out of the 21 earthquakes 
common to both studies. The parameters used for the relative excitation of S to P 
at the source, and the correction for amplitude loss due to above source structure are 
not specified by Pearce et at (1980), so slightly different values may have been used in 
this study. Another important difference is that the specification of amplitude bounds 
was done independently so that the amplitude bounds used in the relative amplitude 
method could be compared directly with those used in the Gaussian relative amplitude 
method. The reason for this is so that significance values could be used to give a 
measure of the amount of constraint placed on the 'best-fit' solution obtained from 
the Gaussian relative amplitude method (see section 4.4.6). However, the amplitude 
bounds defined for the 21 earthquakes are broadly similar. The conclusion of Pearce et 
at (1980), that the strike of the compatible double couple solutions have a northwest-
southeast trend, is not supported by the results from the moment tensor analysis using 
the relative amplitude method of Pearce & Rogers (1989). 
So far it has been assumed that the identification of the P, pP and sP phases is 
correct. In section 3.2.2 it was shown that the relative amplitude method can be used 
to test whether other interpretations of the observed seismograms are consistent with 
a point source described by the moment tensor. 
One other plausible interpretation of the array seismograms from the 1976 Gazli 





 Stations Used  Significance 
S 
misc 
EKA GBA WRA YKA 
1 8 April 1976 03-15-22.2 / ,./ 0.9749 4.3 
2 8 April 1976 03-30-49.6 / ./ 0.9981 4.0 
3 8 April 1976 04-46-07.8 / x .../ 0.9572 4.2 
4 8 April 1976 04-58-54.5 ../ .../ V ./ 0.9479 4.5 
5 8 April 1976 06-16-50.7 / V V .../ 0.9762 4.5 
6 8 April 1976 09-10-09.3 ./ V V V 0.9904 4.2 
7 8 April 1976 12-03-41.3 ./ 0.9978 5.1 
8 8 April 1976 22-54-18.0 .,/ .J x . 0.9305 4.0 
9 9 April 1976 02-46-24.9 / / V V 0.9548 4.4 
10 15 April 1976 06-15-21.1 / 1 x V 0.9863 4.2 
11 17 April 1976 12-11-14.6 x .J V 0.9893 4.4 
12 17 April 1976 13-47-57.4 x ./ x V 0.8827 4.0 
13 17 April 1976 20-21-47.3 / x x V 0.9189 4.0 
14 18 April 1976 22-37-39.8 x ./ 0.9998 4.6 
15 21 April 1976 14-41-30.7 / 0.9855 4.9 
16 21 April 1976 22-33-31.7 x x V 0.8984 4.1 
17 21 April 1976 23-18-33.7 x ../ 0.9815 4.0 
18 23 April 1976 01-56-46.6 ./ x x V 0.9459 4.7 
19 23 April 1976 20-55-28.7 / x 0.9190 4.6 
20 24 April 1976 13-57-01.5 x x V V 0.9920 4.4 
21 7 May 1976 00-10-49.9 / V V V 0.9833 4.7 
22 9 May 1976 07-51-15.2 i' ../ 0.9972 5.1 
23 17 May 1976 04-14-13.6 x x V 0.9767 4.6 
24 17 May 1976 04-53-52.0 / x V 0.9911 4.7 
25 19 May 1976 01-11-17.4 .J x x '.J 0.9728 4.5 
26 19 May 1976 15-54-44.7 / x V 0.9886 4.9 
27 19 May 1976 16-21-44.9 / 1 x V 0.9827 4.4 
28 24 May 1976 14-56-12.4 ./ x 0.9846 4.6 
29 28 May 1976 14-05-37.1 x x .../ 0.9846 4.8 
30 1 June 1976 07-31-57.7 / x x .J 0.9276 4.7 
31 6 June 1976 04-19-09.9 / x x 0.9643 4.5 
32 20 June 1976 23-33-48.1 ,./ x x 0.9995 5.2 
33 23 June 1976 09-49-32.8 1/ ,J x 0.9741 4.8 
34 8 July 1976 23-35-37.4 ../ V x 0.9897 4.6 
35 22 Sept. 1976 21-49-41.4 / ,./ x 0.9904 4.8 
36 17 Oct. 1976 03-25-33.0 .../ V x 0.9555 5.1 
37 18 Oct. 1976 21-01-48.3 .../ x x 0.9920 4.7 
38 28 Nov. 1976 20-39-37.5 x  x  0.9633 4.6 
Table 4.8. Significance, S, values calculated for the 38 earthquakes listed in table 4.2. 
A '/' indicates that the array station waveform was used in the moment tensor analysis. 
See text for an explanation of Significance, S. 
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sequence is that the second large amplitude arrival is not pP, but sP. This implies 
that pP is near a node. When the relative amplitude method is applied to the 12-
03, 8 April 1976 earthquake assuming that pP is near-nodal, there are no compatible 
moment tensor solutions (i.e. all source mechanisms and orientations are inconsistent 
with this interpretation of the seismograms). 
The relative amplitude method was also applied to the three other earthquakes 
analysed in section 4.3.4 assuming a near-nodal pP. The two earthquakes that had 
waveforms recorded at four array stations produced no compatible solutions, showing 
that the interpretation of the waveforms in terms of large amplitude P, near-nodal 
pP and large amplitude sP is inconsistent with a single point source. For the small 
earthquake, 22-33, 21 April 1976, that was only recorded at two array stations, there 
were compatible solutions for the near-nodal pP interpretation, but the number of 
compatible solutions is considerably less for the near-nodal pP interpretation than for 
the interpretation originally assumed. 
The only other plausible interpretation is that both pP and sP are near-nodal. This 
means that the earthquakes are very shallow, and also causes problems as the identity 
of the large-amplitude negative-polarity phase is then unknown. When the relative 
amplitude method is applied to the four earthquakes analysed in section 4.3.4, assuming 
that both pP and sP are near-nodal, no compatible solutions are found for the three 
earthquakes recording waveforms at all four array stations. As with the near-nodal pP 
interpretation, there were compatible solutions for the 21 April, 22-33 earthquake, but 
the number of compatible solutions was less than for previous interpretations. 
Significance gives an estimate of the amount of constraint imposed on the orien-
tation of an a priori double couple source. However, to get a realistic picture of the 
scatter in the values of 8, 0 and a, the individual vectorplots for each earthquake need 
to be examined. Since the relative amplitude method only gives a measure of double 
couple orientations that are compatible or incompatible with the observations, all of 
the compatible orientations are equally likely. In previous studies, such as those of 
Pearce et al (1980) and Pearce (1987), compatible solutions are chosen and synthetic 
seismograms generated using the method of Douglas, Hudson & Blarney (1972). One 
solution is then selected on the basis of the 'best-fit' by eye between the observed and 
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synthetic waveforms. 
Ideally, the best solution is found by adding more and more relative amplitude 
observations until only a few closely related solutions remain in moment tensor space 
(Pearce & Rogers 1989). Unfortunately, this approach is not possible when studying 
small earthquakes at teleseismic distances, because the number of stations recording 
waveforms with a reasonable signal-to-noise ratio is small (effectively limiting obser-
vations at teleseismic distances to waveforms recorded by array stations). Recently 
another method of choosing a 'best-fit' solution using relative amplitude observations 
has been developed, this is the Gaussian relative amplitude method of Rogers & Pearce 
(1992). 
4.4 The Gaussian Relative Amplitude Method 
4.4.1 Introduction 
Rogers & Pearce (1992) demonstrated that the Gaussian relative amplitude method can 
be used to constrain five out of the six independent components of the moment tensor; 
the scalar moment is not constrained as relative amplitudes are used. However, to 
achieve this a large number of observations with good focal sphere coverage is needed. 
The array data for the 38 earthquakes in table 4.2 are not sufficient to constrain the 
source type substantially, even for the larger earthquakes recorded at four of the array 
stations, as shown in section 4.3.4. The 'best-fit' moment tensor is therefore restricted 
to an a priori double couple source in this analysis. 
4.4.2 The 'Likelihood' Function 
The Gaussian relative amplitude method (Rogers and Pearce, 1992) is a modification 
of the relative amplitude method (Pearce 1977, 1980, Pearce & Rogers 1989). The 
modification assumes that the true amplitude of an observed phase is more likely to be 
near the mean of the 'box-car' probability function formed by the amplitude bounds 
in the relative amplitude method than to the extremes of the 'box-car' function. 
In the Gaussian relative amplitude method the box-car function, defined by B 
and BL,  is replaced by a Gaussian likelihood function (figure 4.19a), with a peak at ±, 













Figure 4.19. The likelihood function with upper bound, Bu,  lower bound, BL,  and 
mean . The form of the likelihood function for (a) a phase of known polarity, whose 
amplitude is measurable above the noise, (b) a phase of unknown polarity, whose ampli-
tude is measurable above the noise, and (c) a phase which is definitely not measurable 
above the noise. 
midway between Bu and BL ( = (B - BL)/2). The form of this Gaussian likelihood 
function is governed by its standard deviation, Oi (where of = (B - BL) 2 /12) which 
is equal to the standard deviation of the box-car it replaces. This modification allows 
for the fact that amplitudes nearer the midpoint, i, are reckoned to be closer to the 
true amplitude. 
The Gaussian likelihood function is a peaked continuous probability density func-
tion; this peak gives a 'best-fit' solution in moment tensor space when a systematic 
grid search is applied. Again, as with the specification of the box-car limits in the 
original relative amplitude method, a widening of the limits, Bu and BL,  increases the 
standard deviation of the Gaussian likelihood function, which increases the width of 
the probability density function in moment tensor space, resulting in more solutions 
having a higher likelihood. This increase in the number of solutions with a higher 
likelihood reflects the increased uncertainty in the 'best-fit' solution when the signal is 
noisy. 
The form of the likelihood function is governed by the way in which the amplitude 
bounds of a particular phase are described. For example, to describe a phase of known 
polarity, whose amplitude is measurable above the noise (such as the P phase recorded 
at YKA in figure 4.16) then the form of the likelihood function is shown in figure 4.19a. 
If the amplitude of the phase is measurable above the noise (such as the P phase 
recorded at WRA in figure 4.16) then the form of the likelihood function is as in 
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figure 4.19b. If the amplitude of the phase is definitely not measurable above the noise 
(such as the sP phase at GBA in figure 4.16) then the likelihood function takes the 
form shown in figure 4.19c. - 
In the Gaussian relative amplitude method the likelihood is measured using, C = 
C1 -C2 . . . c, where C is the product of the individual likelihoods, c2 , i = 1 1 . . ., n, of the 
predicted amplitudes at a series of n stations. c1 describes the i1h  Gaussian likelihood 
function for a given phase with amplitude x and is given by c2 = exp—[(x - 
(Rogers & Pearce 1992). Computational speed is increased by discarding solutions 
whose unlikelihood, D = 11C, exceeds a certain value (numerically, unlikelihood is 
expressed as logD). 
The above procedure attempts to find the 'best—fit' or 'most likely' moment tensor 
solution. The measurement of likelihood gives an estimate of the relative errors between 
the 'best—fit' solution and those solutions that are nearly as likely. The original relative 
amplitude method gives an estimate of the absolute or real error (see section 4.3.5). 
4.4.3 Assignment of Amplitude Bounds 
Generally, the assignment of amplitude bounds is the same as it is for the relative 
amplitude method; however there are some differences in the way that the amplitude 
bounds are input into the computer program to allow the form of the likelihood function 
to be described. A full description is given by Rogers & Pearce (1992, figure 1, p14,085). 
For example, table 4.9 shows the amplitude bounds used to describe the likelihood 
function for the 03-15 earthquake of 8 April 1976, the amplitude bounds are identical 
to those used in the relative amplitude method, except for the sP phase at GBA. The 
negative and positive bounds indicate that the sP phase is not seen above the noise 
(figure 4.16) and therefore is more likely to have zero amplitude (figure 4.19c). One of 
the advantages of the way of defining the amplitude bounds in the Gaussian relative 
amplitude method is that the Gaussian function can be used to emphasise the apparent 
absence of a phase. This is of use for the seismograms from earthquakes in the 1976 
Gazli sequence as the sP phase typically has a small amplitude. 
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8 April 1976, 03-15 earthquake (earthquake 1, table 4.2). 
Observation P PP SP 
Station A 	Azimuth Pol Min Max Pol 	Min Max Pot Min Max 
GBA 29.1 0 151.9 0  + 3.0 5.0 - 3.0 9.0 U -4.0 4.0 
EKA 45.60 	312.6 0 + 4.0 8.0 U 	4.0 8.0 U 0.0 7.0 
YKA 77.60 359.2 0 + 8.0 10.0 - 5.0 8.0 U 0.0 5.0 
WRA 88.70 	117.50 1 	U 5.0 10.0 1 	U 4.0 6.0 U 0.0 5.0 
Table 4.9. The relative amplitudes of the phases P, pP and sP indicated in figure 4.16, 
used in the Gaussian relative amplitude method. L is the angular distance between 
the focus of the earthquake and the station. The polarity of the phase: + compression, 
- dilatation, U unknown polarity. 
4.4.4 Display of Gaussian Amplitude Bounds 
The Gaussian likelihood function is a continuous function, unlike the discontinuous 
box-car function used to define the amplitude bounds in the relative amplitude method. 
With the Gaussian function a particular seismogram will plot on the whole of the 
compatibility plot with varying likelihood since the tails of the Gaussian likelihood 
function extend to ±00. The maximum likelihood corresponds to the pP/P and sP/P 
ratio of the mean, t, (figure 4.19) of each of the Gaussian likelihood functions used to 
describe the P, pP and sP amplitude bounds. Since the compatibility plot display is 
integerised and then normalised onto a 48 x 48 matrix, elements that have a very low 
value of likelihood are assigned the value zero due to rounding (matrix elements with 
low values correspond to the tails of the Gaussian likelihood function). 
Rogers & Pearce (1992) showed that the way in which the Gaussian likelihood 
function is defined by the limits BU and BL (figure 4.19) means that approximately 
92% of the Gaussian curve area falls between the two limits. This means that the 
region of non-zero matrix elements describing a seismogram on the compatibility plot 
resembles approximately the polygon produced by the box-car probability function 
(figure 4.7). However, instead of the inside of the polygon having a uniform value, the 
Gaussian likelihood function is peaked and continuous (figure 4.20). 
To display the Gaussian relative amplitude bounds describing seismograms record-
ed at a particular station using a cumulative compatibility plot, both the negative P 
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Figure 4.20. The P—positive compatibility plot showing the polygon and the likelihood function defined by the P, pP and sP 
relative amplitude bounds of the seismogram in figure 4.7. The likelihood function is shown as (a) a dot—density and (b) a matrix 
element diagram. 
F. 
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normalised together so that the most likely seismogram of the sequence is represented by 
'' or by '99' where two or more adjacent matrix elements have the same maximum 
normalised integer value of likelihood (i.e. the plot is not of sufficient resolution to 
define the peak in likelihood, which lies somewhere between adjacent matrix elements). 
Figures 4.21 to 4.24 show the cumulative compatibility plots for the Gaussian like- 
lihood functions for the P, pP and sP phases observed at YKA, GBA, EKA and WRA 
respectively. Both the dot density compatibility plot and the normalised cumulative 
matrix element compatibility plots are shown. Generally, there are two peaks on the 
positive P polarity compatibility plot because the polarity of the sP phase is unknown. 
The compatibility plot for WRA has four peaks, one in each 'quadrant', of the positive 
P polarity plot because both the sP polarity and the pP polarity are unknown in all 
cases. 
4.4.5 Results 
Results for each earthquake processed using the Gaussian relative amplitude method 
can be represented on a single vectorplot (Pearce 1977) since only a priori double couple 
sources have been considered. The vectorplots, shown in figures 4.25 to 4.28 for the 
four earthquakes discussed in section 4.3.4, show the orientation of a given fault plane 
solution along with the likelihood of that solution, C, represented by the length of the 
vector drawn along the strike (a) at a given grid point defining the dip (6) and slip 
angle (). 
The vectorplot for the 12-03 earthquake of 8 April 1976 is shown in figure 4.25a, 
the 'best—fit' solution has a likelihood, C = 0.99; all the solutions computed with an 
unlikelihood, logD of less than 2.0 are shown. Figure 4.25b shows a contoured plot of 
the 'most likely' solution at each point in dip (6) and slip (&) space. This allows a 
clear visualisation of how the likelihood (represented as values of logD) varies in S and 
1' space. The contoured plot has two regions of minimum logD, corresponding to the 
'best—fit' fault plane solution and the auxiliary plane (these are indistinguishable using 
point source radiation pattern methods such as the relative amplitude method). 
The vectorplot for the 14-41 earthquake of 21 April 1976, is shown in figure 4.26a. 
The longest vector length corresponds to the 'best—fit' solution, with a likelihood, 
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Figure 4.21. Gaussian likelihood functions for the P, pP and sP phases recorded 
at YKA, for all of the 38 earthquakes shown in table 4.2, plotted on a normalised 
cumulative compatibility plot. 
Chapter 4. Short Period P Waves from the 1976 Gazli Earthquake Sequence 	92 
Co 
- - ;•;. 	 •. 
Q- 
-= 
a..... 	 Ci-. 	+ 
(a) GBA P-negative 


















PP/p amplitude ratio 
- 
(c) GBA P-negative 	 (d) GBA P-positive 
Figure 4.22. Gaussian likelihood functions for the P,pP and sP phases recorded 
at GBA, for 26 of the 38 earthquakes shown in table 4.2, plotted on a normalised 
cumulative compatibility plot. 
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Figure 4.23. Gaussian likelihood functions for the P,pP and sP phases recorded 
at EKA, for 30 of the 38 earthquakes shown in table 4.2, plotted on a normalised 
cumulative compatibility plot. 
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Figure 4.24. Gaussian likelihood functions for the P,pP and sP phases recorded 
at WRA, for 16 of the 38 earthquakes shown in table 4.2, plotted on a normalised 
cumulative compatibility plot. 
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C0.46. The result is similar to that from the relative amplitude method (figure 4.15b), 
the dip and slip angle are well constrained by the data, but the strike is poorly con-
strained. The contour plot of logD, shown in figure 4.26b, shows clearly that while the 
main region of 'likely' fault plane solutions are approximately 45° reverse faults, there 
is another region corresponding to a range of vertical strike slip solutions (S = 90 0 , 
= 1800) that is nearly as likely. This illustrates the problem with attempting to 
place error bars on a 'best-fit' solution, as the regions with high likelihood can be 
unevenly distributed in dip and slip (and more generally in moment tensor space). 
The vectorplot for the 03-15 earthquake of 8 April 1976, is shown in figure 4.27. 
Again, all the solutions computed with an unlikelihood, logD of less than 2.0 are shown. 
The longest vector length corresponds to the 'best-fit' solution, with a likelihood, 
C0.34. The dip and the slip angle are well constrained; however the strike is better 
constrained in likelihood space than that of the larger earthquake of 21 April 1976. 
This is because although the signal-to-noise ratio is lower, the absence of a large sP 
phase at GBA (figure 4.16), places a large constraint on the orientation of the S wave 
radiation pattern at the source and hence on the strike. 
Figure 4.28a shows the vectorplot for the 22-33 earthquake of 21 April 1976, the 
result appears to be similar to that from the relative amplitude method (figure 4.18b), 
with little constraint placed on the strike (o),  and only extensional fault plane solutions 
being excluded (S < 90°). However, the contour plot of logD in figure 4.28b shows two 
clear regions of minimum logD, corresponding to the 'best-fit' fault plane solution and 
the auxiliary plane. The existence of these clear regions indicates that while the amount 
of uncertainty, indicated by the significance and the results from the relative amplitude 
method, is comparatively large, the 'best-fit' solution is well defined, at least in dip 
and slip space. 
All 38 earthquakes have been processed using the above method, and the resulting 
'best-fit' solutions are listed in table 4.10. The corresponding lower hemisphere focal 
projections are shown in figure 4.29. Examination of the 'best-fit' double couples for 
all the earthquakes shows that the solutions are approximately 45° dipping reverse 
dip slip faults (S 135°, 90°). Table 4.10 shows the significance, calculated in 
section 4.3.4 and the likelihood C. A solution which is both tightly constrained and 
Chapter 4. Short Period P Waves from the 1976 Gazli Earthquake Sequence 	96 
highly likely will have values of S and C approaching unity. 
So far in using the relative amplitude method it has been assumed that the take-off 
angles from the source are known (these depend upon the source layer P wave speed). 
If the P wave speed of the source layer is perturbed a maximum in the likelihood of the 
'best-fit' solution would be expected when the P wave speed in the source layer was 
correct. The likelihood of the 'best-fit' solution for the 12-03, 8 April 1976 earthquake 
was strongly peaked near unity (C = 0.99983) for a source layer P wave speed of 6.1 
km s 1 , suggesting that the source layer P wave speed of 6.1 km s 1 (table 4.3) is 
correct. 
4.4.6 Discussion 
It is found that when the results from the Gaussian relative amplitude method are 
compared with those of Pearce et al (1980), the 'best-fit' solution for 20 of the 21 
earthquakes common to both studies is consistent with one of the corresponding com-
patible solutions. The exception to this is earthquake 2 (table 4.2) where the 'best-fit' 
solution lies just outside the region of compatible solutions shown by Pearce et al 
(1980). The reason for this is that different amplitude bounds were used in this study 
to describe the pP and sP phases on the EKA seismogram for earthquake 2, so that 
the Gaussian relative amplitude method could be applied (figure 4.19). 
It is found that the majority of the 'best-fit' solutions found plot near the edge of 
the region of compatible solutions from the relative amplitude method, illustrating that 
the the solution at the centre of the region of compatible solutions is not necessarily 
the 'best-fit' solution (Rogers & Pearce 1992). 
The conclusion of Pearce et al (1980) that there was a trend in the strike of the com-
patible solutions from their analysis using the relative amplitude method is supported 
by the results of the Gaussian relative amplitude method (which includes 17 'new' 
earthquakes). 34 out of the 38 'best-fit' solutions (89%) have one focal plane strik-
ing generally northwest-southeast and dipping approximately to the southwest (this is 
illustrated by the composite lower hemisphere focal projection of the 38 fault and aux-
iliary planes shown in figure 4.29). The four earthquakes that do not fit this trend are 
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Figure 4.25. The results of the Gaussian relative amplitude method for the 12-03 
earthquake of 8 April 1976 (earthquake 7, table 4.2). 
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Figure 4.26. The results of the Gaussian relative amplitude method for the 14-41 
earthquake of 21 April 1976 (earthquake 15, table 4.2). 
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Figure 4.27. The results of the Gaussian relative amplitude method for the 03-15 
earthquake of 8 April 1976 (earthquake 1, table 4.2). 
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Figure 4.28. The results of the Gaussian relative amplitude method for the 22-33 
earthquake of 21 April 1976 (earthquake 16, table 4.2). 















1 8 April 1976 03-15-22.2 3400 1250  1000  0.9749 0.340 
2 8 April 1976 03-30-49.6 1950  1450 700 0.9981 0.019 
3 8 April 1976 04-46-07.8 1550  1450 750 0.9572 0.707 
4 8 April 1976 04-58-54.5 3100  1350 950 0.9479 0.502 
5 8 April 1976 06-16-50.7 1050 1450  900 0.9762 0.190 
6 8 April 1976 09-10-09.3 3000 1550  750 0.9904 0.999 
7 8 April 1976 12-03-41.3 1000 1350 1400 0.9978 0.999 
8 8 April 1976 22-54-18.0 3050 1550 1200 0.9305 0.988 
9 9 April 1976 02-46-24.9 1700 1250  900  0.9548 0.923 
10 15 April 1976 06-15-21.1 3450  1400 850 0.9863 0.998 
11 17 April 1976 12-11-14.6 3350 1200 950 0.9893 0.566 
12 17 April 1976 13-47-57.4 450 1350  600 0.8827 0.999 
13 17 April 1976 20-21-47.3 3400 1300 700 0.9189 0.999 
14 18 April 1976 22-37-39.8 1400 1200 1150 0.9998 0.000 
15 21 April 1976 14-41-30.7 1350 1300 850 0.9855 0.461 
16 21 April 1976 22-33-31.7 3250 1250 1100 0.8984 0.954 
17 21 April 1976 23-18-33.7 3050 1450 1100  0.9815 0.489 
18 23 April 1976 01-56-46.6 3400 1350  1200 0.9459 0.000 
19 23 April 1976 20-55-28.7 1950  1250 650 0.9190 0.813 
20 24 April 1976 13-57-01.5 3050 1200 350 0.9920 0.335 
21 7 May 1976 00-10-49.9 1250  1350  950 0.9833 0.158 
22 9 May 1976 07-51-15.2 3450 1300 750 0.9972 0.337 
23 17 May 1976 04-14-13.6 750 1350  1050  0.9767 0.312 
24 17 May 1976 04-53-52.0 1550 1300  850 0.9911 0.037 
25 19 May 1976 01-11-17.4 3250 1300 950 0.9728 0.618 
26 19 May 1976 15-54-44.7 3400 1400  1050  0.9886 0.273 
27 19 May 1976 16-21-44.9 100 1300 900 0.9827 0.889 
28 24 May 1976 14-56-12.4 3500  1350 750 0.9846 0.154 
29 28 May 1976 14-05-37.1 3250 1350 1200 0.9846 0.459 
30 1 June 1976 07-31-57.7 1300 1300 900 0.9276 0.860 
31 6 June 1976 04-19-09.9 3450 1300 950 0.9643 0.907 
32 20 June 1976 23-33-48.1 950 1300 1350 0.9995 0.104 
33 23 June 1976 09-49-32.8 3350 1350  950 0.9741 0.181 
34 8 July 1976 23-35-37.4 2000 1300 850 0.9897 0.355 
35 22 Sept. 1976 21-49-41.4 1450  1350 900 0.9904 0.317 
36 17 Oct. 1976 03-25-33.0 1050 1400 1000 0.9555 0.977 
37 18 Oct. 1976 21-01-48.3 650 1350 1300 0.9920 0.116 
38 1 28 Nov. 1976 1 20-39-37.5 1 	2100 1350 800 1 	0.9633 1 	0.998 
Table 4.10. 'Best-fit' fault plane solutions determined using the Gaussian relative 
amplitude method, along with the corresponding significance, S and likelihood, C. 
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Figure 4.29. The 'best—fit' fault plane solution from the Gaussian relative amplitude 
method, and the corresponding auxiliary plane plotted on a lower hemisphere focal 
projection for earthquakes 1 to 38 (table 4.2). The centre of the focal projection has 
positive polarity for all earthquakes. The inset shows a composite lower hemisphere 
focal projection of all 38 fault and auxiliary planes. 
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earthquake numbers 12, 27, 34 and 38 (table 4.10). Of these four earthquakes, earth-
quake number 12 has the lowest significance (table 4.10) of the earthquakes considered 
indicating that the 'best-fit' solution to earthquake 12 is poorly constrained. However, 
earthquake numbers 27, 34 and 38 have relatively high significance indicating that the 
solutions to these earthquakes are comparatively well constrained. One explanation for 
the anomalous strike of earthquakes numbers 12, 27 and 38 is that Pearce et al (1980) 
considered the seismograms from these earthquakes to have a low signal-to-noise ratio 
(category 5, table 4.2), consequently the amount of constraint placed on the strike is 
limited by the difficulty in measuring with any certainty the amplitude of the sP phase 
on such seismograms. 
4.5 Conclusions 
• The cumulative compatibility plot of the measured amplitude bounds at each 
array station used in the moment tensor analysis, provides an effective visual 
display of the relative amplitude data. The display clearly shows the relative 
signal-to-noise ratios of the different array stations, and the scatter in the ob-
served amplitudes of the P, pP and sP phases from the 38 earthquakes studied 
in the 1976 Gazli sequence. 
• The normalised cumulative compatibility plots of the Gaussian likelihood func-
tions for the P, pP and sP phases show a peak in likelihood corresponding to 
the 'typical' or 'average' seismogram observed at each array station from earth-
quakes in the 1976 Gazli sequence. The 'typical' seismogram observed at all four 
array stations has a large-amplitude positive-polarity P phase, a large-amplitude 
negative-polarity pP phase and a small amplitude sP phase of unknown polarity. 
• The waveforms recorded by the array stations from the 8 April 1976, 12-03 earth-
quake allow the source type part of the moment tensor to constrained. The mo-
ment tensor analysis of this earthquake showed that the data are inconsistent 
with both implosion and explosion type sources. Generally, the data from the ar-
ray stations are insufficient to constrain the source type meaningfully. However, 
the data from the 38 earthquakes analysed are consistent with a double couple 
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source. 
. The values of significance calculated from the results of the moment tensor anal-
ysis show that a tight constraint can be placed on the orientation of an a priori 
double couple using waveforms from four or less high quality array stations for 
earthquakes with body wave magnitude as low as 4.Om C. 
• The value of significance is found to be dependent not only on the signal-to-
noise ratio of each array seismogram, but also on the information content of that 
seismogram. i.e. waveforms from small earthquakes can place a tighter constraint 
on the orientation of an a priori double couple than larger earthquakes. 
• Other possible interpretations of the array seismograms in terms of P, pP and sP 
phases were tested using the relative amplitude method to see if these interpreta-
tions are consistent with a single point source. For three of the larger earthquakes 
presented as examples, the only interpretation that is compatible with a single 
point source is that used in this study. 
• 'Best-fit' fault plane solutions have been calculated for 38 of the earthquakes 
in the 1976 Gazli sequence in the magnitude range mf' [4.0, 5.2], using the 
Gaussian relative amplitude method. The fault plane solutions obtained are all 
approximately 45° dipping reverse faults, with 34 striking northwest-southeast; 
this is consistent with the results obtained by Pearce et al (1980). 
• Analysis of the variation of likelihood with source layer P wave speed for the 8 
April 1976, 12-03 earthquake, showed that the likelihood of the 'best-fit' solution 
is strongly peaked for a source layer P wave speed of 6.1 km s 1 . This suggests 
that the source layer P wave speed, used to estimate take-off angle at the source 
in the moment tensor analysis, is a reasonable estimate. 
Chapter 5 
Broadband P Waves from the 
1976 Gazil Earthquake Sequence 
5.1 Introduction 
In chapter 4 short period (SF) array seismograms were used to determine the focal 
mechanism of 38 earthquakes in the 1976 Gazli sequence using the Gaussian relative 
amplitude method (Pearce & Rogers 1989). The relative amplitude method assumes 
a point source approximation, which, as is argued by Pearce (1987), would appear 
to be valid for small teleseismically recorded earthquakes in the SF pass band. Any 
source complexity will distort the impulse response of the SF instrument. How the 
observed pulse distortion is related to the nature of the source pulse, distorted by 
geometrical spreading and anelastic attenuation, and then further distorted by the 
instrument response, is often difficult to visualise and requires skill and experience 
to interpret. To simplify the interpretation of SF seismogram pulses, the approach 
suggested by Douglas et al (1987) is used. The instrument phase shifts are removed 
and the pass band of the instrument is broadened using the method of Stewart & 
Douglas (1983), so that an estimate of the ground displacement at the recording site 
is obtained. A correction for anelastic attenuation is then made, so that an estimate 
of the far—field source pulse is obtained. 
Another limitation of the relative amplitude method is that since only relative 
amplitudes are measured no estimate of the scalar moment, M0 , can be made. A 
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Figure 5.1. The relative magnification of broadband (BB) and short period (SF) 
seismographs. 
method is proposed here that allows an estimate of the scalar moment to be made 
from the area under the P and pP pulse on 'phaseless' broadband (PBB) seismograms 
corrected for attenuation. The amount of anelastic attenuation is estimated using a 
time domain approach (Stewart 1984) and a frequency domain approach (Sharrock, 
Main & Douglas 1994). 
5.2 Derivation of 'Phaseless' Broadband Seismograms 
5.2.1 Theoretical Background 
Ideally, broadband (BB) signals should be recorded on seismograph systems specifically 
designed for the purpose. However, such instruments were not available to record 
waveforms from earthquakes in the 1976 Gazli sequence. The only body wave data 
recorded at teleseismic distances for this sequence of earthquakes are the SF waveforms 
from the array stations YKA, GBA, WRA and ERA. Douglas (1984) and Douglas et al 
(1987) have shown that it is possible to obtain BB seismograms from SF seismograms 
for both underground nuclear explosions and for earthquakes. Figure 5.1 shows the 
amplitude response in the frequency domain of the YKA SF seismograph, and the 
Blacknest specification BB instrument. The BB instrument response is essentially flat 





Figure 5.2. SP array seismogram recorded at YKA for the 22-37 earthquake of 18 
April 1976. The BB seismogram is shown with the Wiener filtered PBB seismogram. 
to ground displacement from 0.1 Hz to about 3 Hz. 
The method used follows the procedure suggested by Douglas et al (1987). The 
spectrum of the SP seismograph is multiplied by a 2 (w)/a i (w), where a 2 (w) is the re-
sponse of a BB seismograph and a1(.')  is the response of the SP seismograph. As the 
pass band of the instrument is widened to include lower frequencies, low frequency 
noise is amplified. A limit is reached where the signal is undetectable above the noise 
level. Douglas et at (1987) suggest that for explosions, most energy in the spectrum 
is above 0.5 Hz, so a simple non-causal frequency filter can be used to remove any 
low frequency system noise. The resulting signal is then Wiener filtered using a filter 
designed from the noise preceding the signal. This reduces the effect of coherent noise, 
caused by sources such as oceanic microseisms (Douglas & Young 1981). The resulting 
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Figure 5.3. The time domain and the amplitude-frequency response of the Wiener 
filter used to reduce the coherent noise generated during conversion from SF to PBB 
seismograms recorded at YKA for the 22-37 earthquake of 18 April 1976 (figure 5.2). 
1a2(w)I for the BB response instead of a 2 (w) (Stewart & Douglas 1983). Since the earth-
quake waveforms recorded by the four array stations in the 1976 Gazli sequence have 
significant energy above the 0.5 Hz frequency level used by Douglas et a! (1987), their 
approach is adopted here for all of the category 2 earthquakes of Pearce et a! (1980) 
(see section 4.2.2) i.e. all earthquakes where the signal-to-noise ratio is reasonable on 
at least one SP array waveform, so a reasonable signal-to-noise ratio is observed after 
the conversion from SF to PBB seismograms. 
5.2.2 Results and Discussion 
Figure 5.2 shows the SF waveform recorded at YKA for the 22-37 earthquake of 18 
April 1976, and the corresponding conversions to BB and PBB seismograms using a 
Wiener filter. The conversion from SF to BB is made using the method described in 
section 5.2 using a highpass filter with corner frequency at 0.25 Hz. The BB waveform 
shows large amplitude microseismic and system generated noise with a dominant period 
of around six seconds. The Wiener filtered PBB waveform shows an increase in the 
signal-to-noise ratio. The Wiener filter used is shown in figure 5.3, and is designed 
using approximately 100 seconds of noise preceding the direct P arrival. The filter can 
be represented either in the frequency domain as the amplitude (and phase) spectrum, 
or in the time domain as a five second time series. The non-causal nature of the PBB 
Chapter 5. Broadband P Waves from the 1976 Gazli Earthquake Sequence 	109 
instrument response causes a small precursor to the direct P arrival, but as Stewart 
& Douglas (1983) concluded, the reduction in instrument distortion outweighs any 
difficulties in interpretation of a seismogram with precursors. The PBB seismogram in 
figure 5.2 shows that the P pulse is simple, indicating a simple source—time function. 
However, the pP pulse appears to have positive polarity on the PBB seismogram, 
compared to the apparent negative polarity on the SP seismogram. The pP pulse on 
the BB seismogram appears to have undetermined polarity. However, close examination 
of the arrival time of the pP phase on the SP seismogram suggests that the polarity 
of pP on both the BB and PBB seismograms is negative. The apparent positive pP 
polarity may be due to the effect of the 'phaseless' instrument and to the Wiener 
filter (these effects are examined using synthetic data in chapter 6). The apparent pP 
polarity paradox is also resolved when a correction for anelastic attenuation along the 
path is applied to the PBB seismogram (see section 5.4.3). 
Figure 5.4 shows the conversions to BB and PBB for a larger 4.9mf, earthquake. 
The P phase has a clear positive polarity on the SP, BB and PBB seismograms, and 
the pP phase has a clear negative polarity on all three seismograms. Again a precursor 
to the P phase is generated on the PBB seismogram. One of the advantages of using 
PBB seismograms is clearly shown; the start and finish of the P pulse are clearer on 
the PBB seismogram than on the BB seismogram. The 'phaseless' character of the 
instrument 'pulls' the trailing edge of the P pulse to a common baseline, making the 
pulse area and pulse duration easier to measure. 
Another advantage of using PBB seismograms is demonstrated in figure 5.5, which 
shows a comparison between the SP array seismograms and the PBB seismograms from 
the array stations EKA and YKA for the 23-33 earthquake of 20 June 1976. The SP 
and PBB seismograms at EKA show an apparently complex P pulse. The pP pulse 
appears impulsive on the SP and the PBB seismogram (figure 5.5b). However, both 
the P and pP pulses recorded at YKA (figure 5.5a) appear to be impulsive and to 
have similar pulse durations, indicating little source complexity or directivity in the 
P and pP take—off directions to YKA. The similarity in pulse durations of the P and 
pP phases is typical of those measured for PBB seismograms from earthquakes in the 
1976 Gazli sequence. It is suggested that the P pulse complexity observed at EKA for 
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Figure 5.4. SF array seismogram recorded at YKA for the 14-41 earthquake of 21 
April 1976. The BB seismogram is shown with the Wiener filtered PBB seismogram. 
the 20 June 1976 earthquake is due to a near—source path effect. This is on the basis 
that evidence for source complexity is not seen for any other earthquake in the Gazli, 
1976 sequence. However, the 20 June 1976 earthquake is one of the largest aftershocks 
recorded by the array stations, so the possibility that the P pulse complexity observed 
at EKA is due to source complexity cannot be discounted. 
Figure 5.6 shows the worst case encountered in trying to convert SF array seismo-
grams to PBB waveforms. The 03-30 earthquake of the 8 April 1976 is the smallest 
earthquake processed in this study with 4.0m6ISC. It is clear from figure 5.6 that while 
the SP array seismogram recorded at YKA has a larger signal—to—noise ratio than that 
recorded at WRA, the PBB waveform for YKA is harder to interpret. This is due to 
a combination of the non—causal nature of the instrument (there is a large precursor 
to the P phase on the PBB seismogram at YKA), the Wiener filter, and the nature of 








Figure 5.5. SF and Wiener filtered PBB seismograms recorded at the YKA and EKA 
array stations for the 23-33 earthquake of 20 June 1976. 
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Figure 5.6. SP and Wiener filtered PBB seismograms recorded at the YKA and WRA 
array stations for the 03-30 earthquake of 8 April 1976. 
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the noise. However, the PBB conversion for WRA has a clear impulsive P phase, but 
the signal-to-noise ratio is comparatively poor. 
5.3 Estimation of Attenuation 
5.3.1 Introduction 
The main effect of attenuation is to reduce preferentially the amplitude of higher fre-
quencies in the seismic pulse recorded in the far-field. In the time domain this effect 
is seen as a broadening of the pulse, and the loss of high frequency energy. In the 
frequency domain attenuation has the effect of steepening the gradient of the spectral 
fall-off above the corner frequency. 
Attenuation studies of the Earth are important as the seismic quality factor, Q, 
contains valuable information about the structure and physical conditions, such as 
temperature, in the Earth's interior. In practice, the measured quality factor, QAV, 
contains both intrinsic anelastic attenuation and a scattering component. Many es-
timates of QAV  from body waves recorded at teleseismic distances have been made 
in the frequency domain in the pass band 1-8 Hz. Many authors have attempted to 
derive frequency dependent QAV  models for the attenuation of teleseismic body waves 
(Der et at 1982, Bache et at 1985, Douglas 1991), but problems exist with trying to 
estimate a frequency dependence over such a small bandwidth of frequencies. Douglas 
(1992), after analysing array seismograms from nuclear test explosions, concludes that 
the evidence for frequency dependent QAV  is 'inconclusive at best' over the frequency 
range 1-8 Hz. 
Stewart (1984) pointed out that studies of P wave attenuation in the frequency 
domain suffer from the need to have a long enough record length so that the resulting 
spectrum is sufficiently averaged enabling the lower frequencies to be well estimated. 
The length of the window needed to do spectral analysis will inevitably include multiple 
arrivals, which may be due to scattering or to multipathing, resulting in a bias in the 
measured spectrum (Der, McElfresh & O'Donnell 1982). Also, any source directivity 
observed in the P pulse will bias the measured spectrum. Before any estimates of QAV 
can be made the spectrum needs to be corrected for a spectral source effect, commonly 
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taken to be a power law decay of w- 2  above the corner frequency. Any uncertainties 
in the spectral source correction, which may be derived from various mathematical 
models of faulting (for example Savage (1966)), will relate directly to uncertainties in 
the value and frequency dependence of QAV.  The spectral source correction is derived 
from the Fourier transform of the source pulse. For example, a simple triangular pulse 
results in a w 2 dependence above the corner frequency. 
Attempts to estimate QAV  in the time domain have been made using seismogram 
modelling techniques, such as those of Douglas, Hudson & Blarney (1972) and Burdick 
(1978). These methods rely on a knowledge of the focal mechanism, and a 'fit by eye' 
method is usually used to determine the best value for QAV.  Der & McElfresh (1980) 
pointed out that there is a tendency to under-emphasise the high frequency parts of 
the waveforms when visually matching synthetic and observed seismograms. This may 
result in an over-estimate of the amount of attenuation. 
Douglas, Corbishley, Blarney & Marshall (1972) attempted to deconvolve the effect 
of anelastic attenuation and the instrument response using a least squares inverse filter, 
assuming a frequency independent QAV  model over the frequency range of interest (0.2-
5.0 Hz). Douglas et al (1987) pointed out that the results are of mixed quality and 
that there was a tendency to over-estimate the amount of attenuation, often resulting 
in the generation of overshoots, which were interpreted as apparent surface reflected 
phases for some nuclear explosion seismograms. The method proposed by Douglas et 
al (1987) to correct for the effect of attenuation is simply to divide the spectrum of the 
BB seismogram by the frequency response of a known attenuation operator. 
Stewart (1984) estimated a maximum value for the attenuation using the duration 
of a seismic pulse with as few assumptions as possible. The main reason for obtaining an 
estimate of QAV  in this study is so that PBB seismograms can be deconvolved using the 
method proposed by Douglas et al (1987). This will enable an estimate of the far-field 
source-time function to be obtained. To obtain as reliable an estimate of the maximum 
amount of attenuation as possible the robust time domain method of Stewart (1984) is 
applied to all of the category 2 (section 4.2.2) earthquake waveforms. A conservative 
spectral method (Sharrock et al 1994) is then applied to some of the larger earthquakes 
to obtain a more precise estimate of the attenuation, which is assumed to be similar 
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for each source-station pair. 
5.3.2 QAV  and the Rise and Fall Time of a Seismic Pulse 
Theoretical Background 
Stewart (1984) assumed a frequency independent QAV,  and showed that the impulse 
response of the constant QAV  operator of Carpenter (1966), represented in terms of 
the quantity t', retains its shape under varying values of t. t is defined as the travel 
time, T, divided by the average quality factor, QAV.  Stewart (1984) showed that the 
duration of the anelastic attenuation impulse response is proportional to t, and that 
the amplitude of the impulse response is inversely proportional to tt. The relationship 
between amplitude and t*  is not very useful as the size of the source is generally not 
known. Consequently the non-attenuated amplitude cannot be predicted. However, 
the duration is related to the rise and fall times of the source pulse. 
Gladwin & Stacey (1974) defined the rise time, TR, of a pulse as the interval between 
the intersection of the tangent to the point of maximum slope with the zero level, and 
the peak pulse amplitude level (see figure 5.7). Stewart (1984) expressed the general 
relationship between rise time and tK  as: 
TR = Ct*. 
	 (5.1) 
According to Stewart (1984) empirical experiments suggest that C 	0.5, and this 
value for the constant of proportionality is also consistent with the constant Q theory of 
Futterman (1962). Generally, for earthquake sources the source function will not be an 
impulse, but some other source function, approximating to a triangulac or trapezoidal 
shaped pulse. Stewart (1984) designed a computational experiment to test the validity 
of equation 5.1 for a variety of extreme pulse shapes using the constant Q theory of 
Carpenter (1966). Stewart (1984) concluded that provided the source pulse is simple 
and its amplitude increases monotonically to a peak value and decreases in the same 
manner to the base line, i.e. the pulse has a single polarity, then t is related to the 
rise time, by the inequality: 
t 	2TR. 	 (5.2) 
Chapter 5. Broadband P Waves from the 1976 Gazil Earthquake Sequence 	116 
PP 
	
o .l SP 	 P 













I 	I 	I 	I 	I 	U 	U 	I 	I 	I 	I 
92 	84 	88 	88 	90 	92 	94 	96 	98 	190 	102 	104 	196 	108 	110 	112 	114 	118 	119 	120 
time (seconds) 
TR 	lF 
Figure 5.7. The PBB waveform at YKA used to estimate the rise and fall time of the 
P pulse for the 22-37 earthquake of 18 April 1976. The inset shows the gradients used 
to calculate the rise time, TR,  and fall time, TF. 
The inequality arises because the source pulse is generally non-impulsive. 
The fall time, TF,  is defined in a similar way to the rise time, but for the part of the 
pulse with negative gradient (see figure 5.7). Stewart (1984) concluded after a similar 
computational experiment used to test the rise time proportionality of equation 5.1, 
that t is related to the fall time, rF,  by the inequality: 
t6 < 0.747- '. 	 (5.3) 
Theoretically, the fall time should give a better estimate of t as the effect of a 
finite source is less than on the rise time, but the maximum value of t estimated from 
the fall time assumes that there is no interference between the source pulse and other 
phases, such as S to P conversions near the receiver and near-source reflections and 
conversions. The presence of these converted and reflected phases makes estimation of 
Chapter 5. Broadband P Waves from the 1976 Gazli Earthquake Sequence 	117 
the fall time difficult. 
Results 
The rise and fall times of the P pulse were calculated using a computer program written 
by David Sharrock (pers. comm.), which allows the start and end of the pulse to be 
picked interactively using a graphical interface. Figure 5.7 shows the SP waveform 
recorded at YKA and the corresponding PBB seismogram, with the P pulse highlighted 
for the 22-37 earthquake of 18 April 1976. Table 5.1 shows the estimated maximum t 
(tb) for 21 category 2 earthquakes (section 4.2.2) measured from the rise and fall times 
of the P pulse on PBB seismograms derived using the method described in section 5.2. 
All of the fall times measured are contaminated by other arrivals, predominately by 
what appears to be a reflection from a near-surface layer, which is observed on the 
majority of the SP seismograms (for example see figure 5.7). 
Estimates of t from the pP pulse were not attempted as the onset of the pulse is 
masked by an arrival (possibly the S to P conversion at the Moho). The fall of the pP 
pulse is contaminated by interfering sP for all but the deepest of the earthquakes. 
The rise time data shows that the measured t across the four array stations has 
a general pattern for each earthquake, with GBA and WRA exhibiting the highest 
t, EKA the lowest and YKA an intermediate value. Since all of the earthquakes are 
located in the same epicentral region, it can be assumed that the path travelled by 
the P phase to a given station from each earthquake, and the amount of attenuation 
experienced by that phase, will be similar. This assumption is consistent with the 
mean of the measured t values (table 5.1) for each station, as the scatter in the data 
is relatively small. 
The value of t estimated using the rise time method contains a source function 
contribution. Clearly, for small earthquakes as the source function approaches an 
impulse so t -+ t. Table 5.1 shows the mean value of t for all of the earthquakes, 
compared to the mean value of all earthquakes with < 4.9. The magnitude limit 
is arbitrary, but it is an attempt to demonstrate that when the comparatively large 
sources are removed, the mean is reduced, suggesting that the source-time function 
for earthquakes with MISC > 4.9 do contribute significantly to the measured rise time, 
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Date Origin t(= 2rR)  s t(= 0.74rF) s 
(1976) Time EKA GBA WRA YKA EKA GBA WRA YKA 
8 April 03-15 0.44 0.73 0.78 0.54 0.17 0.24 0.26 0.26 
8 April 03-30 0.46 0.68 0.75 0.52 0.12 0.25 0.25 0.17 
8 April 06-16 0.49 0.66 0.57 0.54 0.21 0.18 0.24 0.31 
8 April 09-10 0.73 0.62 - 0.44 0.21 0.19 0.20 0.26 
8 April 12-03 0.80 0.68 0.82 0.56 0.26 0.30 0.22 0.32 
17 April 12-11 0.65 0.61 0.69 0.62 0.24 0.25 0.24 0.38 
18 April 22-37 - 0.61 0.83 0.65 - 0.23 0.20 0.39 
21 April 14-41 0.56 0.68 0.73 0.61 0.20 0.19 0.23 0.36 
23 April 01-56 0.44 - - 0.64 0.19 - - 0.33 
23 April 20-55 0.39 - - 0.54 0.21 - - 0.31 
24 April 13-57 - - 0.59 0.64 - - 0.25 0.26 
7 May 00-10 0.46 - 0.73 0.67 0.22 - 0.26 0.47 
9 May 07-51 0.78 0.82 0.83 0.90 0.32 0.28 0.28 0.35 
17 May 04-53 0.51 0.59 - 0.67 0.20 0.25 - 0.25 
19 May 15-54 0.52 0.72 - 0.61 0.21 0.35 - 0.40 
28 May 14-05 - 0.79 - 0.64 - 0.46 - 0.34 
1 June 07-31 0.61 - - 0.65 0.42 - - 0.50 
20 June 23-33 0.73 - - 0.94 0.21 - - 0.41 
23 June 09-49 0.50 0.82 - 0.72 0.17 0.34 - 0.38 
8 July 23-35 0.39 - - 0.60 0.15 0.19 - 0.31 
22 Sept. 1 21-49 0.47 0.74 - 0.68 0.23 0.20 - 0.25 
All t* 0.55 0.70 0.73 0.64 - - - - 
Sources at 0.13 0.07 0.09 0.11 
Mb <4.9 t 0.50 0.69 0.70 0.61 - - - - 
0.09 0.07 0.09 0.07 
Table 5.1. Estimates of t from the rise and fall times of the PBB P pulse. 	is the 
mean estimate of t from the rise time at each station and 	is the corresponding 
standard deviation. Estimates of t from the fall time are shown for completeness (see 
text). 
and hence to the estimated t. 
If it is assumed that there is no source directivity (there is no evidence for differing 
P and pP durations from either the SF or PBB waveforms) then there will be a similar 
source function contribution to the estimated t at each station for a given earthquake. 
This suggests that the t value, estimated using the rise time of the P pulse, for each 
earthquake can be used to estimate the relative attenuation between paths to each 
array stations. 
Chapter 5. Broadband P Waves from the 1976 Gazli Earthquake Sequence 	119 
Conclusions 
Estimation of t in the time domain is limited in practice to measuring the rise time of 
the P pulse, as this is uncontaminated by other arrivals. The results from the rise time 
method of estimating t give an upper limit for the amount of attenuation suffered by 
the P pulse observed at each station. Since all 21 earthquakes occurred at nearly the 
same location, it is assumed the path taken by the P phase to each station is similar 
for each earthquake, and that the amount of attenuation for the path to each station is 
similar. When larger sources are excluded (mL SC < 4.9), the mean value of t shows 
little scatter, suggesting that the similar path assumption is consistent with the t 
data. If it is assumed that the t value estimated at each station for each earthquake 
has a similar source function contribution (i.e. there is no source directivity) then the 
relative amount of attenuation between stations can then be estimated. The paths to 
WRA and GBA are found to have the highest amount of attenuation, while the path 
to EKA has the lowest and that to YKA has an intermediate value. 
5.3.3 Estimation of t* in the Frequency Domain 
Theoretical Background 
The method used to estimate the value of t in the frequency domain is similar to that 
of Sharrock et al (1994), which assumes a frequency independent Q model. The method 
uses the gradient of the spectral fall—off of teleseismic P wave data in the frequency 
range 1-8 Hz, at frequencies greater than the corner frequency, f,  after a correction 
has been made for the source. The source correction used is w 2 , which represents 
the slowest fall—off of commonly used source models. Aki & Richards (1980) argue 
that both kinematic and dynamic modelling suggest that the fall—off of the source 
spectrum at frequencies greater than f is nearer to w 2 than to 1r 3 . The w 2 fall—off 
is characteristic of the amplitude spectrum of any source pulse with a straight non—
vertical leading edge (figure 5.8). The r 3 fall—off is characteristic of the amplitude 
spectrum of a source pulse with a parabolic leading edge. 
If the source spectral fall—off has a steeper gradient than w 2 , such as .r 3 , then 
the effect will be to lower the estimated value of t. Sharrock et al (1994) and other 
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authors argue against aw 3 fall-off as this can produce the physically impossible result 
that Q is negative. 
Following Sharrock et al (1994) the instrument-corrected amplitude A(f) of a seis-
mic trace in the far-field can be written as a function of frequency, f: 
	
A(f) = S(f)R(f)G(f) 	 (5.4) 
where S(f) is the far-field source function, R(f) accounts for any near-receiver effects 
due to crustal structure and G(f) is the Green's function describing the path effects in 
the mantle. G(f) is assumed to be dominated by attenuation in the frequency domain, 
and following the constant Q theory of Carpenter (1966): 
G(f) = exp(_ irft*). 	 (5.5) 
If it is assumed that the near-receiver effects are negligible then the instrument cor-
rected spectrum, A(f), is related only to t and the source function S(f), which is 
assumed to have a fall-off of w 2 . Then: 
A(f) = S(f) exp (_ lrft*) . 	 ( 5.6) 
The data used are the beam-formed array waveforms for the larger earthquakes in the 
1976 Gazli sequence. Figure 5.9 shows the amplitude-frequency response of the array 
seismographs compared with the response of the WWSSN SF seismograph. It is clear 
that the array instruments are able to record much higher frequencies than the short 
bandwidth WWSSN instrument. Thus, the SP array stations provide exceptional data 
for looking at attenuation in the frequency range 1-8 Hz. 
Bache, Marshall & Bache (1985) pointed out that when using beam-formed data, 
the coherence of high frequency components will tend to decrease across the array, so 
that the array will act as a filter, reducing the amplitude of the higher frequencies. 
This will have the effect of increasing the amount of attenuation measured, so the use 
of beam-formed data should give a maximum value for the amount of attenuation. 
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Figure 5.9. The amplitude-frequency response to an impulse of unit amplitude for 
the SF array station and SF WWSSN seismographs. 
domain, and a source spectral fall-off correction is applied, then the resulting amplitude 
B(f), is given by: 
lm(B(f)) = _ lrt*f. 	 (5.7) 
If a graph of ln(B(f)) is plotted against f then the gradient of the log-linear slope of 
the spectral fall-off of the resulting amplitude spectrum is _lrt*. 
Results 
The SP instrument response is removed, using a prewhitener and bandpass filter with 
corner frequencies at 0.5 Hz and 8.5 Hz. A signal window three seconds (60 points) long 
is selected so that the P pulse is isolated; an equivalent length of noise window is also 
selected. The two time series are then cosine tapered and the mean baseline removed 
before transforming to the frequency domain using a Fourier transform. The amplitude 
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spectrum is calculated and plotted on a log-log plot. The log-log plot clearly shows 
the spectral fall-off at frequencies greater than f. The plot also shows the frequency 
range over which the signal has greater amplitude than the noise. This is important as 
only the spectral fall-off of the signal contains information about the attenuation ex-
perienced by the P pulse. If t is to be estimated using the relationship in equation 5.7, 
then it is only valid to measure the gradient of the source-corrected amplitude spec-
trum where the signal has significantly greater amplitude than the noise. Ideally the 
noise spectrum should be white after the source correction. If the noise spectrum is 
not white then the slope of the source corrected spectrum will be contaminated by 
noise. This effect is minimised if the source corrected signal spectrum has a much 
larger amplitude than the noise spectrum. 
The spectral analysis was tested using synthetic seismograms calculated using the 
method of Douglas, Hudson & Blarney (1972). It was found from the synthetic tests 
that the approach adopted by Sharrock et at (1994) of measuring the gradient of the 
log-linear slope of the spectral fall-off by using a 'best-fit by eye' method was the most 
appropriate, as the rate of spectral fall-off is defined by the envelope of the spectral 
lobes, and not by a least squares best-fit line. Following Sharrock et at (1994) the 
errors are estimated by fitting maximum and minimum gradient lines to the data. 
Figures 5.10 to 5.13 show the source-corrected amplitude spectra used to estimate 
the values of t shown in table 5.2. The most reliable estimates of t'' are made when it is 
possible to measure the gradient of the spectral fall-off over as wide a frequency range 
as possible, for frequencies above the corner frequency (f > 1.5 Hz). The width of 
this frequency range is strongly dependent on the signal-to-noise ratio in the frequen-
cy domain. Spectra calculated using waveforms recorded at GBA generally have the 
poorest signal-to-noise ratios, with little significant signal energy above 2.0 Hz. This 
suggests that estimates of t made for paths to GBA using this spectral method are 
poorly determined. Spectra calculated for the other array station waveforms commonly 
have significant signal energy up to about 4 Hz. 
If it is assumed that the attenuation will be similar for each station-source path, 
then the scatter of the results in table 5.2 from four relatively large earthquakes in the 
1976 Gazli sequence is due to problems with the method for relatively small magnitude 
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Array Date Origin t +6t Comments 
Station (1976) Time (s) (s) (s)  
GBA 8 April 12-03 0.45 0.10 0.15 Signal energy out to 2.5 Hz 
21 April 14-41 0.40 0.10 0.15 No signal energy f> 3.5 Hz 
9 May 07-71 0.40 0.10 0.15 No signal energy f> 3.0 Hz 
19 May 15-54 - - - Near nodal P phase 
EKA 8 April 12-03 - - - Near nodal P phase 
21 April 14-41 0.30 0.10 0.15 No signal energy f> 3.0 Hz 
9 May 07-71 0.30 0.05 0.20 Signal energy out to 4.5 Hz? 
19 May 15-54 0.30 0.05 0.10 Signal energy out to 3.0 Hz 
YKA 8 April 12-03 0.35 0.10 0.10 Signal energy out to 5.0 Hz 
21 April 14-41 0.30 0.15 0.15 Signal energy out to 4.0 Hz 
9 May 07-71 0.30 0.10 0.10 Signal energy out to 2.0 Hz? 
19 May 15-54 0.35 0.10 0.10 Signal energy out to 5.0 Hz 
WRA 8 April 12-03 0.35 0.15 0.15 Signal energy out to 4.5 Hz? 
21 April 14-41 0.40 0.05 0.15 Signal energy out to 3.5 Hz? 
9 May 07-71 0.35 0.15 0.10 Signal energy out to 4.5 Hz? 
19 May 15-54 - - - Station not recording 
Table 5.2. Estimate of V using the spectral fall-off of the source-corrected amplitude 
spectra of four earthquakes with mf > 4.9 in the 1976 Gazli sequence (Figures 5.10 
to 5.13). t values are rounded to the nearest 0.05 seconds. 
earthquakes. The main problems in the frequency domain are caused by the general 
poor signal-to-noise ratio, and by the difficulty in isolating the P pulse using a three 
second window. 
It is proposed, bearing in mind the limitations of the method, that a best estimate 
of t for each station-source path can be chosen from the calculated source-corrected 
spectra shown in figures 5.10 to 5.13 based on subjective consideration of the signal-
to-noise ratio, and signal above noise bandwidth in the frequency domain. Table 5.3 
shows the values of t chosen from table 5.2, along with the epicentral distance and 
Source-Station Epicentral Distance t* QAV 
Path A 
(0) (s)  
GBA 29.1 0.40 905 
EKA 45.6 0.30 1670 
YKA 77.5 0.35 2035 
WRA 88.7 0.40 1 1930 
Table 5.3. Estimate of t and calculated QAV  (using the travel time predicted using 
Jeffreys and Bullen tables) from the frequency domain method. 
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Figure 5.10. The signal and noise windows used to produce the amplitude spectrum 
and the source—corrected amplitude spectrum for each array waveform recorded from 
the 12-03 earthquake of 8 April 1976 (f 1 Hz, 5.lmf,). 
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Figure 5.11. The signal and noise windows used to produce the amplitude spectrum 
and the source—corrected amplitude spectrum for each array waveform recorded from 
























Chapter 5. Broadband P Waves from the 1976 Gazli Earthquake Sequence 	128 
10 U 	 Frequency (Hz) 
Frequency (Hz) 
Noise 	 Signal 
0[ 





















- 	 - 
100 - 	 - 
I 	I 	 I 	I 
2 4 6 	8 
	
10U 	 Frequency (Hz) 
Frequency (Hz) 
Noise 	 Signal 






































Chapter 5. Broadband P Waves from the 1976 Gazli Earthquake Sequence 	129 
	
IOU 	 Frequency (Hz) 
Frequency (Hz) 
Noise 	 Signal 
TTTT 
0 	5 	10 	15 	20 	25 	 35 	40 
IOU 	 Frequency (Hz) 
Frequency (Hz) 
Noise 	 Signal 
20— 
20 
0 5 10 15 20 25 30 35 	40 
(b) EKA 
Figure 5.12. The signal and noise windows used to produce the amplitude spectrum 
and the source—corrected amplitude spectrum for each array waveform recorded from 
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Figure 5.13. The signal and noise windows used to produce the amplitude spectrum 
and the source—corrected amplitude spectrum for each array waveform recorded from 
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the 15-54 earthquake of 19 May 1976 (f 	1 Hz, 4.9mL). 
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calculated QAV  values. 
The values of t obtained using the spectral method are consistent with those ob-
tained using the rise time method, with paths to WRA and GBA having the highest 
amount of attenuation, YKA an intermediate amount and EKA having the lowest 
attenuation. 
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5.4 Estimation of M0 
5.4.1 Theoretical Background 
The method proposed to estimate the scalar moment, M0 , uses the area under the P 
and pP pulses on attenuation-corrected, or deconvolved (following the terminology of 
Douglas et al (1987)) PBB seismograms. This time domain approach is shown to be 
the equivalent of estimating M0 using the low frequency asymptote of the P (or pP) 
pulse displacement spectrum in the frequency domain. 
According to Aki & Richards (1980, vol. 1, p.  81) the vertical time-dependent 
displacement for P waves in the far-field, up (z, t), from a point source in a spherically 
homogeneous earth is related to the time-dependent scalar moment Mo(t - ) by: of 
- 	1 	
A''Mo(t-) 	 (5.8) u"(z,t) - 47rpa
3r a 
where p is the density and a the P wave speed in the source layer; ris the distance from 
the source, and AFP  is the P wave radiation pattern from a point source. Integrating 
equation 5.8 with respect to time and re-arranging: 
4ir a3r 
M0 	FP 100  u"(z,t)dt 	 (5.9) 
where f0°° u(z, t) dt is the area beneath the displacement caused by the P pulse. To 
illustrate that this is equivalent to the low frequency asymptote of the P pulse displace-
ment spectrum, this may be written in the frequency domain by taking the Fourier 
transform: 
foo
U'(z,c.')= 	 e_t uP(z , t)dt. 	 (5.10) 
At the DC level the angular frequency w = 0. Equation 5.10 becomes: 
up ( Z ' 0) = 
FOO 
up (z, t) dt. 	 (5.11) 
Since the P wave source is causal, the function U'(z, 0) is not defined for negative 
time, therefore the limits to the integration in equation 5.11 are [0, 00] and the DC 
level U''(z, 0) in the frequency domain is shown to be equivalent to the area under the 
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P pulse in the time domain. This is illustrated by figure 5.8, the right hand graph 
shows the amplitude spectrum obtained by taking the Fourier transform of the pulse 
in the left hand graph. The triangular pulse has a duration of one second and an 
amplitude of 10 nm, giving a pulse area of 5 nm s. The amplitude spectrum exhibits a 
low frequency asymptote (1 —+ 0) of about 5 nm s, followed by a spectral fall-off, with 
slope proportional to f 2 , after a corner frequency, f, at about 1.0 Hz. Similarly, the 
trapezoidal pulse has an amplitude of 10 nm and a duration of two seconds, giving a 
pulse area of 20 nm s. The amplitude spectrum has a low frequency asymptote (f -+ 0) 
of 20 nm s, with a spectral fall-off with slope proportional f_2.  So the analytic result 
of equation 5.11 and the Fourier transforms shown in figure 5.8 are consistent. 
The point source approximation in equation 5.9 can be relaxed and a layered Earth 
can be accounted for by using a geometrical spreading factor. Following the formulation 
of Kanamori & Stewart (1976) equation 5.9 can be re-written, neglecting attenuation 
and the effects of the instrument response as: 
M0 	
4irpa3a too  u'(z, t) dt 
	 (5.12) 
g(i)C(io)A' Jo 	F(t) 
where g(A) is the geometrical spreading factor for a layered Earth, which can be 
obtained from g(L) versus L curves, (for example Kanamori & Stewart (1976)); a is 
the radius of the Earth, and C(io) is the free surface effect at the receiver (this can be 
calculated following Bullen & Bolt (1985, eqn. 8.2, p.  188)). For stations recording at 
teleseismic distances the emergent angle is small and C(io) -* 2.0. F(t) is the source-
time function. The integration now represents the area under a P wave pulse recorded 
on the vertical component of a deconvolved PBB seismogram. 
The radiation pattern AFP  can be from any P wave phase, since in practice the P 
pulse will be measured in the presence of noise the P wave phase(s) chosen should have 
a large amplitude and easily identifiable. Observed waveforms from earthquakes in the 
1976 Gazli sequence often exhibit large amplitude P and pP. Pearce (1977, p.  385) 
describes how to calculate the radiation pattern for an a priori double couple source 
in the far field for both the P and pP phases (Note that the minus sign of the first 
element of the a matrix was omitted in Pearce (1977)). If the area under the pP pulse 
is used to estimate M0  using equation 5.12 then a correction needs to be made for any 
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Original Pulse 
Area (nm s) 
Measured Pulse 





5.00 4.70 signal 	noise 5.14a 
5.00 4.80 signal > noise 5.14b 
5.00 3.50 signal < noise 5.14c 
5.00 3.36 0 n0ise = 25c7 ignai  5.15a 
5.00 3.71 °noise = 	 o, 2i 5.15b 
5.00 3.02 oise = 25crjgna i 5.15c 
Table 5.4. Results comparing the measured area beneath a filtered noisy pulse for 
various signal-to-noise ratios with different phase spectra. a 2 is the variance. 
amplitude loss due to above source structure and reflection at the free surface. 
5.4.2 Measuring the Pulse Area 
If the above method for estimating M0 is applied to real data from earthquakes in the 
1976 Cazli sequence, then the results will be dependent on how well the P and pP pulses 
can be isolated and their areas measured. The interactive graphics program written 
by David Sharrock to calculate the rise and fall time of a pulse was modified so that 
pulse areas could also be measured. A synthetic test was devised to see the effect of 
different signal-to-noise ratios on the measured pulse area. The triangular pulse shown 
in figure 5.8 has noise with the same frequency content as that obtained from a typical 
SF to BB conversion added at various signal-to-noise ratios and with a different phase 
spectrum using the method of Pearce & Barley (1977). The resulting waveform is then 
converted to a PBB instrument and Wiener filtered. The aim of the synthetic test is to 
roughly quantify the effect Wiener filtering has on the measured pulse area for different 
signal-to-noise ratios (it was expected that as the signal-to-noise ratio becomes lower, 
so the filtering would reduce the measured pulse area). 
Table 5.4 shows the resulting areas measured from the six tests shown in figures 5.14 
and 5.15. The measured area is from the filtered PBB seismograms. Where the signal 
has the same or greater amplitude than the noise, then the pulse area is well preserved 
after the Wiener filtering and conversion to a 'phaseless' instrument. In the worst 
case examined (figure 5.15) 60% of the original pulse area is recovered, even when the 
filtered signal amplitude is similar to that of the noise. 
The test results suggest that the method will tend to under-estimate the pulse area, 
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Figure 5.14. Idealised triangular pulse with noise and the corresponding Wiener 
filtered records for various signal-to-noise ratios. 
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Figure 5.15. Idealised triangular pulse with noise added at a constant signal—to-
noise ratio 	= 	 2. but with different phase spectra, and the corresponding 











Figure 5.16. Attenuation corrected seismogram (DPBB) from YKA for the 22-37 
earthquake of 18 April 1976. The SF and the filtered PBB seismograms are also 
shown. A value of t = 0.35 seconds was used in the deconvolution. 
but if the signal-to-noise ratio is high and the filtered pulse is clearly defined, then the 
under-estimate is probably only by about 30%. In the synthetic tests the Wiener filter 
significantly increases the signal-to-noise ratio. However, this may be an artifact of 
the way in which the noise was added to the synthetic waveform i.e. the design of the 
Wiener filter can create a good estimate of the inverse of the noise generation filter. 
5.4.3 Corrected 'Phaseless' Broadband Seismograms 
Introduction 
The effect of anelastic attenuation is corrected for by using the method of Douglas 
et al (1987). The method involves multiplying the spectrum of the PBB seismogram 
(derived in section 5.2) by b(w) -1 , where b(w) is the response as a function of frequency 
of the attenuation operator. Following Douglas et al (1987) the attenuation operator of 
Carpenter (1966) is used in correcting for the attenuation, for which QAV is frequency 
independent. Ib(w)I = exp (_wt*)/2 ;  the phase shifts produced by b(w) are derived 





Figure 5.17. Attenuation corrected seismogram (DPBB) from YKA for the 03-30 
earthquake of 8 April 1976. The SP and the filtered PBB seismograms are also shown. 
A value of t" = 0.35 seconds was used in the deconvolution. 
using the theory of Futterman (1962) (Douglas et al 1987). The reasons for assuming 
a frequency independent QAV  were discussed in section 5.3. Following Douglas et al 
(1987) the aim of correcting the PBB seismograms for attenuation is to sharpen up the 
P and pP pulses, so that the pulse polarity can be determined, and the pulse area can 
be reliably measured allowing the scalar moment to be estimated. 
Deconvolved Waveforms 
In section 5.3 it was found that noise interferes with the rise of the P pulse. Also that 
the fall of the P pulse, and the rise and fall of the pP pulse are contaminated by both 
noise and other arrivals, such as near-surface reflections. Low frequency interference 
can mask the onset of the pulse making the measurement of the P and pP pulse areas 
difficult. However, as shown in figure 5.16, after the PBB seismogram is corrected for 
attenuation by deconvolution of the attenuation operator, b(w), the P and pP pulses 
are sharpened and the signal-to-noise ratio is increased. 





Figure 5.18. Attenuation corrected seismogram (DPBB) from YKA for the 12-11 
earthquake of 17 April 1976. The SP and the filtered PBB seismograms are also 
shown. A value of t = 0.35 seconds was used in the deconvolution. 
The value of t for the path to each array station used to correct the PBB seis-
mograms for attenuation is that estimated in the frequency domain in section 5.3 
(table 5.3). 
Figure 5.16 also shows how the apparent positive polarity of the pP phase on the 
PBB seismogram recorded at YKA for the 22-37 earthquake of 18 April 1976 (see 
section 5.2) is clearly shown to have negative polarity on the deconvolved 'phaseless' 
broadband (DPBB) seismogram. Resolving the pP polarity paradox that arose in 
section 5.2 using a different method. 
One effect of correcting for t is to preferentially add high frequencies back to the 
waveform. However, high frequencies are added equally to the noise and to the signal 
which can cause the deconvolution to become unstable. This affects seismograms with 
poor signal-to-noise ratios (such as the majority of the PBB seismograms derived from 
EKA SF waveforms). 
Figure 5.17 shows the DPBB seismogram at YKA for the 4.Om&, 03-30 earthquake 





Figure 5.19. Attenuation corrected seismogram (DPBB) from YKA for the 14-41 
earthquake of 21 April 1976. The SP and the filtered PBB seismograms are also 
shown. Both the P and the pP pulses are category A. A value of t = 0.35 seconds 
was used in the deconvolution. 
of 8 April 1976. The DPBB seismogram is from one of the smallest earthquakes anal-
ysed in the 1976 Gazli sequence, and demonstrates that the deconvolution of noisy 
seismograms can add high frequency 'spikes' to the P and pP pulses. This 'spiking' 
effect is thought to be a result of the deconvolution process beginning to become un-
stable in the presence of noise, and not due to a complicated source—time function or 
path. However, the P pulse area, as shown by the shaded region in figure 5.17, is 
better defined on the DPBB seismogram than on the PBB seismograms. The part of 
the area of the P and pP pulses contaminated by 'spikes' contributes very little to the 
measured area of the each pulse, typically the 'spike' only has a width of 3 samples (20 
Hz sampling rate). This suggests that even when the deconvolution starts to become 
unstable by amplifying high frequency noise, it is still better to measure the pulse area 
from the DPBB seismogram than from the PBB seismogram. 
The deconvolution of the attenuation operator, b(), can remain remarkably stable 
at poor signal—to--noise ratios. The YKA, DPBB seismogram in figure 5.18 from the 
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12-11 earthquake of 17 April 1976, shows how the P and pP pulse shapes can be 
retained, although the high frequency noise is greatly amplified. 
Correcting a given pulse for the effect of attenuation increases the amplitude, but 
decreases the duration of the pulse. If the value of t, used to define the operator, 
b(w), that is deconvolved from the PBB seismogram at a given station, describes the 
anelastic attenuation along the path to the receiver, then the P and pP pulses on the 
DPBB seismogram relate directly to the far-field source-time function (modified by 
the effects of geometrical spreading and the source radiation pattern). 
In practice, if the value of t used to define b(w), is small, (t*  [0.20, 0.40] seconds), 
then it is found that for PBB seismograms with a high signal-to-noise ratio the mea-
sured areas of the P and pP pulses (and consequently the corresponding estimates of 
M0 ) are not strongly dependent on the value of V used. 
Classification 
The confidence in the estimate of M0 will depend upon the quality of the DPBB 
seismograms. Before an estimate of M0 was made using the area beneath the P and 
pP pulses, the DPBB seismograms were classified according to the quality of the pulse 
shape and the signal-to-noise ratio: 
Category A 	Undistorted pulse shape with a high signal-to-noise ratio. 
Category B 	Reasonable pulse shape and signal-to-noise ratio. 
Category C 	Pulse is isolated, but with poor signal-to-noise ratio, or distorted 
pulse shape (due to unstable deconvolution). 
Category D 	Pulse could not be detected, or the pulse is highly degraded due 
to unstable deconvolution and/or poor signal-to-noise ratio. 
Figure 5.19 shows an example of a DPBB seismogram from a large earthquake in 
the 1976 Gazli sequence with category A P and pP pulses. Figure 5.20a shows a DPBB 
YKA seismogram with a category A P pulse. The pP pulse is slightly contaminated by 
noise, so is classified as category B. Figure 5.20b shows the DPBB seismogram from 
WRA, the P pulse (shaded) is isolated, but the beginning of the pulse is not clear. The 
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P pulse is contaminated by high frequency noise and the signal-to-noise ratio is poor; 
this is a typical category C pulse. The pP pulse on the WRA DPBB seismogram in 
figure 5.20b is not visible, and is therefore classified as category D. 
Figure 5.20c shows a typical DPBB waveform from GBA. While the P pulse polarity 
on the SP seismogram is unclear, the polarity of the P pulse on the PBB and the DPBB 
seismograms is positive. The P pulse is better isolated on the DPBB seismogram than 
on the PBB seismogram, but is contaminated by high frequencies and has a poor 
signal-to-noise ratio (due in part to the near-nodal nature of the P pulse). The P 
pulse is classified as category C. The pP pulse has a larger amplitude than the P pulse 
and has a higher signal-to-noise ratio. The pP pulse is classified as category B. 
Results 
Table 5.5 shows the estimated scalar moment, M0 , from the P and pP pulse areas 
at each station. The classification of each pulse is indicated by the typeface. The 
weighted mean scalar moment, M0 , and the corresponding standard deviation, o is 
also shown. The weighted mean scalar moment, M0 , is used in an attempt to emphasise 
the importance of good quality DPBB observations in determining the scalar moment 
using this method. The weights were chosen on the basis of the synthetic tests used to 
estimate the effect of the Wiener filter and signal-to-noise ratio on the measured pulse 
area (see section 5.4.2). Category A observations have a weight of unity, category B 
observations have a weight of 0.80, and category C observations have a weight of 0.65. 
It can be seen from table 5.5 that DPBB seismograms from YKA provide the 
majority of category A observations, this is expected as the original waveform data 
from YKA had the highest signal-to-noise ratio of the four array stations. 
Table 5.6 shows the fault plane solution obtained using the Gaussian relative am-
plitude method in section 4.4, expressed in the coordinate system of Pearce (1977), and 
also that of Aki & Richards (1980) (see appendix A). The six normalised independent 
moment tensor elements expressed in the (r, 9, ) coordinate system of Aki & Richards 
(1980) (which is the coordinate system used for publication of Centroid Moment Tensor 
(CMT) solutions (Dziewonski et al 1981)) are shown, along with the weighted mean 
scalar moment, M0. The moment magnitude, Mw, based on the strain energy drop 










WRA: P pulse - category C, pP pulse - category D. 
Figure 5.20. Attenuation corrected seismograms (DPBB) from (a) YKA, (b) WRA 
and (c) GBA, for the 06-16 earthquake of 8 April 1976. The SP and the filtered PBB 
seismograms are also shown. 






(c) GBA: P pulse - category C, pP pulse - category B. 
during an earthquake proposed by Kanamori (1977) (Bullen & Bolt 1985, p.  376) is 
also shown for comparison with the ISC body wave magnitude. 
Earthquake 
EKA GBA YKA WRA 
M0 pP ,çpP A,(P 
0 0 
1pP 
1 	0 11 (V1\ 
iIV) 
10 
(NmxlO' 5 ) 
.1 0 
(NmxlO' 5 ) 
0 
(Nmxl0' 5 ) 
0 
(Nmx10 15) (Nmx10 15 ) (Nmx10 15 ) (Nmx10 15 ) (Nmx1015) 
'N mx 1015\ 'N mx 10 15 
8 Apr. 03-15 2.04 1.93 1.45 1.87 1.89 - 1.02 - 1.72 0.61 
8 Apr. 03-30 - - - - 1.09 1.16 - - 1.12 0.35 
8 Apr. 06-16 - - 0.83 0.97 0.98 1.81 0.98 - 1.13 0.43 
8 Apr. 09-10 - - 0.15 - 0.66 0.62 0.60 - 0.51 0.24 
8 Apr. 12-03 10.17 6.98 3.05 - 10.34 15.89 4.86 - 8.54 3.71 
17 Apr. 12-11 - - - - 0.92 1.45 - - 1.15 0.17 
18 Apr. 22-37 - - 0.70 - 2.99 1.92 - - 1.96 1.03 
21 Apr. 14-41 3.48 4.54 1.83 3.56 7.25 7.06 3.01 3.40 4.43 2.20 
23 Apr. 01-56 1.25 - - - 1.92 - - - 1.63 0.63 
23 Apr. 20-55 0.92 - - - 0.95 - - - 0.94 0.27 
24 Apr. 13-57 - - - - 1.84 2.16 - - 1.98 0.60 
7 May 00-10 1.36 1.56 - - 1.92 2.07 2.16 - 1.81 0.49 
9 May 07-51 5.46 - 3.16 - 11.41 13.73 11.83 - 9.00 3.74 
17 May 04-53 1.47 - - - 2.60 2.08 - - 2.14 0.77 
19 May 15-54 1.78 - 1.11 1.89 5.42 5.69 - - 3.59 2.32 
28 May 14-05 - - 1.32 - 2.98 3.50 - - 2.80 1.23 
1 Jun. 07-31 0.98 - 0.46 - 1.41 1.51 - - 1.18 0.58 
20 Jun. 23-33 :16.23 12.77 - - 45.21 36.22 - - 30.53 17.13 
23 Jun. 09-49 1.09 - - - 1.60 1.70 - - 1.48 0.39 
8 Jul. 23-35 :1.27 - - - 1.33 2.06 - - 1.56 0.48 
22 Sep. 21-49 2.00 - 0.99 - 2.68 2.64 - - 2.16 0.92 
Table 5.5. Estimates of M0 using the measured areas of the P and pP pulses from DPBB seismograms. The typeface indicates the quality of 
the estimate. 'A': undistorted pulse shape with a large signal-to-noise ratio. 'B': reasonable pulse shape and signal-to-noise ratio. C: pulse is 
isolated, but poor signal-to-noise ratio or distorted pulse shape. '-': station not recording or no pulse could be detected (category D). !t0 is the 






(°) (°) (°) (°) 
A 
(°) 
M" M90 M M0 r r Moo  
ici 
 (Nmx10 15 ) 
Mw m 'Sc ,  
 ______ 
8 Apr. 03-15 340 125 100 160 55 80 0.93 -0.20 -0.73 0.02 -0.35 0.41 1.72 4.1 4.3 
8 Apr. 03-30 195 145 70 15 35 110 0.88 -0.16 -0.73 -0.35 -0.24 -0.39 1.12 4.0 4.0 
8 Apr. 06-16 105 145 90 285 35 90 0.94 -0.88 -0.06 0.33 -0.09 0.23 1.13 4.0 4.5 
8 Apr. 09-10 300 155 75 120 25 105 0.74 -0.46 -0.28 -0.42 0.51 0.38 0.51 3.8 4.0 
8 Apr. 12-03 100 135 140 280 45 40 0.64 -0.81 0.17 0.09 0.53 -0.40 8.54 4.6 5.1 
17 Apr. 12-11 335 120 95 155 60 85 0.86 -0.21 -0.65 0.17 -0.47 0.38 1.16 4.0 4.4 
18 Apr. 22-37 140 120 115 320 60 65 0.78 -0.68 -0.10 -0.13 0.48 0.45 1.96 4.2 4.6 
21 Apr. 14-41 135 130 85 315 50 95 0.98 -0.42 -0.56 -0.16 0.08 0.49 4.43 4.4 4.9 
23 Apr. 01-56 340 135 120 160 45 60 0.87 -0.33 -0.54 -0.33 -0.12 0.55 1.63 4.1 4.7 
23 Apr. 20-55 195 125 65 15 55 115 0.85 -0.23 -0.62 -0.15 0.36 -0.51 0.94 3.9 4.6 
24 Apr. 13-57 305 120 35 125 60 145 0.50 0.33 -0.83 0.47 0.17 0.48 1.98 4.2 4.4 
7 May 00-10 125 135 95 305 45 85 1.00 -0.73 -0.27 0.04 0.05 0.45 1.81 4.1 4.7 
9 May 07-51 345 130 75 165 50 105 0.95 0.04 -0.99 0.20 -0.12 0.07 9.00 4.6 5.1 
17 May 04-53 155 130 85 335 50 95 0.98 -0.12 -0.86 -0.12 0.13 0.33 2.13 4.2 4.7 
19 May 15-54 340 140 105 160 40 75 0.95 -0.22 -0.73 -0.24 0.09 0.43 3.59 4.3 4.9 
28 May 14-05 325 135 120 145 45 60 0.87 -0.62 -0.25 -0.29 -0.20 0.53 2.80 4.3 4.8 
1 Jun. 07-31 130 130 90 310 50 90 0.98 -0.58 -0.41 -0.13 0.11 0.48 1.18 4.0 4.7 
20 Jun. 23-33 95 130 135 275 50 45 0.70 -0.79 0.09 -0.08 0.46 -0.47 30.53 5.0 5.2 
23 Jun. 09-49 335 135 95 155 45 85 1.00 -0.23 -0.77 -0.06 -0.03 0.42 1.48 4.1 4.8 
8 Jul. 23-35 200 130 85 20 50 95 0.98 -0.16 -0.82 0.01 0.18 -0.37 1.56 4.1 4.6 
22 Sep. 21-49 1  145 1 135 90 11 325 1 45 90 1.00 1 -0.33 1 -0.67 1 	0.00 1 	0.00 1 	0.47 11 	2.16 1 	4.2 1 	4.8 
Table 5.6. Fault plane solutions for the 21 category 2 earthquakes (see section 4.2.2) and the six normalised independent moment 
tensor elements expressed in the (r, 0, &) coordinate system of Aki & Richards (1980). The full moment tensor is obtained by 
multiplying each normalised element by the weighted mean scalar moment M0 (see Appendix A). 
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5.5 Conclusions 
. 63 'Phaseless' broadband (PBB) seismograms have been derived from the cate-
gory 2 (section 4.2.2) short period (SF) array seismograms using a Wiener filter 
to reduce coherent noise when widening the pass band of the seismograph. 
• The PBB seismograms show impulsive P and pP pulses, with little evidence of 
source complexity, multiplicity or directivity. 
• The relative amplitudes of the P and pP phases on the PBB seismograms are 
similar to those observed on the SF waveforms. This indicates that distortion of 
pulse amplitudes measured on narrow-band instruments are negligible for these 
data. i.e. it is valid to use amplitudes measured from SF array seismograms 
to estimate the moment tensor for the earthquakes considered in the 1976 Gazli 
sequence (m 'sc  [4.0, 5.2]). 
• The estimates of the maximum value of t (tb) for the paths to each of the 
four array stations using the rise time of the P pulse, show little scatter. This 
scatter was reduced further when the measurements were restricted to earth-
quakes with mb
Isc < 4.9. This suggests that the source-time function of the 
larger earthquakes contributes significantly to the rise time of the P pulse, i.e. 
t >> t (m'' > 4.9). 
• Estimates of t from the fall time proved unreliable due to contamination of the 
fall of the P pulse from other arrivals. Similarly, the rise and fall times of the pP 
pulse proved to be an unreliable estimate of t. 
• Since the PBB seismograms showed little evidence of source directivity, the t 
value estimated at each station for a given earthquake will have a similar source 
function contribution. This suggests that the relative size of the mean t value 
estimated from the rise time of the P pulse represents the relative attenuation 
between station-source paths. i.e. paths to WRA and GBA have the highest t* 
values, while the path to EKA has the lowest and that to YKA has an interme-
diate value. 
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• Estimates of the value of t using a spectral technique from the SP array data 
with a high signal-to-noise ratio confirmed the relative attenuation of paths to 
WRA, CBA, YKA and EKA. An estimate of the average quality factor, QAV, 
for paths to each of the array stations was made. QAV  was found to be large 
2000) for paths to YKA, WRA and EKA. However, QAV  for the path to GBA 
is '-' 1000. 
• The attenuation-corrected seismograms (DPBB) provide an estimate of the far-
field source-time function. The P and pP pulses on the DPBB seismograms with 
a high signal-to-noise ratio show no evidence of source complexity, multiplicity 
or directivity, which might have been masked by the effects of attenuation on the 
PBB seismograms. 
• A method of estimating the scalar moment, M0 , from the area of the P and 
pP pulses on a DPBB seismogram is presented. Results from the testing of the 
method using synthetic pulses with a variety of signal-to-noise ratios showed 
that, providing the pulse can be isolated, the method is robust, even at low 
signal-to-noise ratios. 
• Estimates of M0 from the area beneath the P and pP pulse on each DPBB 
seismogram are made. A weighted mean of the scalar moment, M0 , based on 
the DPBB seismogram quality is calculated for each earthquake. The weights 
used in the weighted mean were derived from the synthetic tests. The moment 
magnitude, Mw,  is also calculated. 
• Full moment tensor solutions for 21 earthquakes (m ISC [4.0, 5.2]) in the 1976 
Gazli sequence are calculated in the (r, 9, &) coordinate system of Aki & Richards 
(1980). 
Chapter 6 
Modelling the 1976 Gazli 
Earthquake Sequence Body 
Waves 
6.1 Introduction 
The matching of synthetic seismograms with observed waveforms provides a way of 
testing the validity of the parameters estimated for the earthquakes in the 1976 Gazli 
sequence. Synthetic seismogram matching enables an estimate of the focal depth and 
the source size of each earthquake to be obtained. Modelling of the pulse shape con-
strains the source—time characteristics. The crustal structure of the epicentral region 
is constrained by the modelled arrival times and amplitudes of reflected and refracted 
arrivals. The method used to calculate synthetic body wave seismograms is that of 
Douglas, Hudson & Blarney (1972), which is described in section 2.3.1. 
Pearce et al (1980) produced synthetic short period (SF) seismograms for 21 of 
the earthquakes in the 1976 Gazli sequence. The orientation of the fault plane used 
was chosen using a trial and error procedure from the range of compatible solutions 
after applying the relative amplitude method (Pearce 1980). The radius of the a priori 
circular fault was fixed at 1.0 km for all earthquakes, and the value of t was varied so 
that the direct P pulse length of the synthetic seismogram matched that observed at 
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each array station. In this study an estimate of the fault orientation for 38 earthquakes 
has been made using the Gaussian relative amplitude method. An estimate of the scalar 
moment for 21 earthquakes and the anelastic attenuation along the path to each array 
station was obtained in chapter 5. This allows synthetic seismograms to be calculated 
for 38 earthquakes with few unconstrained parameters. 
The effect of noise on the SP and broadband (BB) synthetic seismograms is inves-
tigated using the method of Pearce & Barley (1977). The method produces realistic 
observed seismograms by adding random noise with the observed frequency spectrum to 
synthetic seismograms, simulating the same signal-to-noise ratio. Pearce et al (1980) 
produced noisy synthetic seismograms for stations recording three earthquakes in the 
1976 Gazli sequence to demonstrate the effect of SP noise. 
6.2 Model Parameters 
The stress drop, ad is set to 100 bars. A high stress drop is consistent with the intraplate 
tectonic setting of the epicentral region of the 1976 Gazli earthquake sequence. 
The speed of rupture across the model fault (Savage 1966) is assumed to be 0.60 d , 
where 0 is the S wave speed in the source layer. The plane-layered crustal structure 
used for the epicentral region is that of Pearce et al (1980) and is shown in table 4.3. 
Pearce (1980) calculated synthetic seismograms for the 12-03, 8 April 1976 earthquake, 
and showed that this crustal structure accounts for the observed arrivals between P 
and pP. a3 , the P wave speed in the source layer, is assumed to be 6.1 km This 
value of a, was shown to be consistent with a maximum in likelihood when analysing 
the 8 April 1976, 12-03 earthquake using the Gaussian relative amplitude method in 
section 4.4.5. The S wave speed in a given layer in the source structure is assumed to 
be a3/s./. 
The crustal structures used for the array stations EKA, GBA, WRA and YKA are 
from Parks (1967), Arora (1969), Underwood (1967) and Hasegawa (1971) respectively. 
The model fault is assumed to be circular as no evidence of source directivity is seen 
on either the SP or the BB seismograms. 
The values of t used to account for the anelastic attenuation along the paths from 
the epicentral region to the array stations are those estimated in section 5.3 and are 
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Figure 6.1. Model scalar moment versus depth scatter plot for the category 2 earth-
quakes in the 1976 Gazli sequence. 0 km represents the Earth's surface. 
given in table 5.3. 
The orientation of the a priori double couple source used to model the radiation 
pattern for each earthquake is that estimated in section 4.4.5 using the Gaussian relative 
amplitude method. The scalar moment, M0 , is independent in the models for category 
2 (section 4.2.2) earthquakes as M0 was estimated in section 5.4. M0 is not constrained 
for the 17 category 5 (section 4.2.2) earthquakes that are modelled. 
For the 21 category 2 earthquakes, where there is an independent estimate of the 
scalar moment, the radius of the fault is chosen so that the model scalar moment, M, 
matches M0 . For the 17 category 5 earthquakes the radius of the fault model is adjusted 
until the amplitude of the direct P phase on the synthetic seismograms matches that 
on the corresponding observed array seismogram with the highest signal—to—noise ratio. 
The focal depth of each event is adjusted until the P to pP travel times of the 
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synthetic seismograms for each earthquake match those of the corresponding observed 
SP array seismograms. 
6.3 Results 
Table 6.1 shows the model parameters obtained from matching the synthetic and ob-
served waveforms. Figure 6.1 shows how the depth varies with the estimated scalar 
moment. The shallowest earthquake is at a depth of 4.4 km; the larger earthquakes 
nucleate below a depth of 8 km. Table 6.2 summarises the source parameters obtained 
in this study for 38 earthquakes in the 1976 Gazli sequence. 
6.3.1 Short Period Synthetic Seismograms 
Category 2 Earthquakes 
Figure 6.2 shows the SP observed and synthetic seismograms recorded at the four array 
stations for the 03-15, 4.3m 61 , earthquake of 8 April 1976. The polarity and relative 
amplitudes of the F, pP and sP phases match at CBA, EKA and at YKA. The first 
half cycle of the P phase at GBA is almost obliterated by noise. The direct P pulse 
shape at WRA does not match the synthetic pulse shape. The start of the observed 
P pulse at WRA is dominated by low frequencies and has a large overshoot. The 
amplitudes of the synthetic seismograms for GBA and WRA are higher than those 
observed. 
The SP observed and synthetic seismograms shown in figure 6.3 are for the four 
sc array stations recording waveforms from the 12-03, 5.1mL,  earthquake of 8 April 
1976. The synthetic waveforms at the four array stations match those observed; notably 
the near—nodal P phase observed at EKA, and the 'null' seismograms observed at GBA 
and WRA are reproduced by the synthetic waveforms. The polarity of the synthetic 
P phase at WRA matches that observed, but the observed direct P pulse has a large—
amplitude low—frequency overshoot that is not reproduced on the synthetic seismogram. 
Much of the coda on the GBA observed seismogram is not reproduced by the synthetic 
waveform. The amplitudes of the synthetic seismograms for GBA, WRA and EKA do 
not match those of the observed waveforms. 







Slip Fault Radius 
 (Km) 
MOM 
(Nm x10' 5 ) 
jj 
(Nm x10' 5 ) 
Depth 
(N m) 
1 8 April 03-15 3400 125 0  1000  0.42 1.69 1.72 10.5 
2 8 April 03-30 1950 145 0 70 0 0.36 1.07 1.12 8.6 
3 8 April 04-46 1550  145 0 75 0 0.28 0.50 - 6.7 
4 8 April 04-58 3100 135 0 95 0 0.30 0.62 - 4.5 
5 8 April 06-16 1050 145 0 90 0 0.36 1.07 1.13 10.0 
6 8 April 09-10 3000 155 0  75 0 0.27 0.45 0.51 9.1 
7 8 April 12-03 100 0 135 0  1400 0.72 8.53 8.54 8.5 
8 8 April 22-54 305 0 155 0 1200 0.25 0.36 - 4.5 
9 9 April 02-46 1700 125 0  900 0.25 0.36 - 10.3 
10 15 April 06-15 3450 1400  85 0 0.28 0.50 - 4.7 
11 17 April 12-11 3350 120 0 95 0 0.37 1.16 1.16 9.9 
12 17 April 13-47 450  135 0 60 0 0.25 0.36 - 4.5 
13 17 April 20-21 3400 130 0 70 0 0.25 0.36 - 4.5 
14 18 April 22-37 1400 120 0 115 0  0.44 1.95 1.96 7.1 
15 21 April 14-41 1350  130 0 85 0 0.58 4.46 4.43 8.5 
16 21 April 22-33 3250  125 0  110 0  0.25 0.36 - 10.0 
17 21 April 23-18 3050 145 0  110 0  0.25 0.36 - 10.8 
18 23 April 01-56 3400 135 0  120 0 0.41 1.58 1.63 9.5 
19 23 April 20-55 1950 125 0 65 0 0.34 0.90 0.94 9.5 
20 24 April 13-57 3050 120 0  35 0 0.44 1.95 1.98 10.6 
21 7 May 00-10 1250 1350 950 0.43 1.82 1.81 5.3 
22 9 May 07-51 345 0 130 0  75 0  0.74 9.26 9.00 11.0 
23 17 May 04-14 75 0 135 0  105 0  0.35 0.98 - 20.5 
24 17 May 04-53 155 0 130 0  85 0 0.45 2.08 2.14 6.1 
25 19 May 01-11 325 0 130 0  95 0 0.29 0.56 - 6.3 
26 19 May 15-54 3400 140 0 105 0  0.54 3.60 3.59 14.3 
27 19 May 16-21 100 130 0  900 0.32 0.75 - 7.8 
28 24 May 14-56 3500 1350 750 0.30 0.62 - 4.7 
29 28 May 14-05 3250 135 0 1200 0.50 2.86 2.80 8.3 
30 1 June 07-31 1300 130 0 90 0 0.37 1.16 1.18 4.4 
31 6 June 04-19 3450 130 0 950  0.27 0.45 - 7.0 
32 20 June 23-33 950 1300 135 0  1.10 30.42 30.53 10.1 
33 23 June 09-49 3350 1350 95 0 0.40 1.46 1.48 4.6 
34 8 July 23-35 2000 1300 85 0 0.41 1.58 1.56 9.3 
35 22 Sept. 21-49 1450 1350 900 0.46 2.22 2.16 12.9 
36 17 Oct. 03-25 1050 1400 1000 0.27 0.45 - 9.1 
37 18 Oct. 21-01 650 135 0 1300 0.36 1.07 - 9.5 
38 28 Nov. 20-39 2100 1350 800 0.34 0.90 - 9.1 
Table 6.1. Parameters used to calculate synthetic seismograms for 38 earthquakes in 
the 1976 Gazli sequence. Mom is the scalar moment of the model fault. M0 is the scalar 
moment estimated independently in section 5.4. '-' indicates that no independent 
estimate of M0 is available (category 5 earthquakes). 















1 8 April 03-15 340 0 125 0  100 0  1.69 4.1 0.9749 0.340 
2 8 Aptil 03-30 195 0  145 0  700 1.07 4.0 0.9981 0.019 
3 8 April 04-46 155 0 1450 750 0.50 3.8 0.9572 0.707 
4 8 April 04-58 310 0 135 0  950 0.62 3.8 0.9479 0.502 
5 8 April 06-16 105 0  1450  900 1.07 4.0 0.9762 0.190 
6 8 April 09-10 3000 1550 750 0.45 3.7 0.9904 0.999 
7 8 April 12-03 100 0 1350 1400 8.53 4.6 0.9978 0.999 
8 8 April 22-54 3050 155 0  1200 0.36 3.7 0.9305 0.988 
9 9 April 02-46 1700 1250  900 0.36 3.7 0.9548 0.923 
10 15 April 06-15 3450  1400 850 0.50 3.8 0.9863 0.998 
11 17 April 12-11 3350 120 0 95 0 1.16 4.0 0.9893 0.566 
12 17 April 13-47 450  135 0 600 0.36 3.7 0.8827 0.999 
13 17 April 20-21 340 0  1300 70 0 0.36 3.7 0.9189 0.999 
14 18 April 22-37 140 0 1200 115 0  1.95 4.2 0.9998 0.000 
15 21 April 14-41 135 0  1300 85 0 4.46 4.4 0.9855 0.461 
16 21 April 22-33 325 0 1250 1100 0.36 3.7 0.8984 0.954 
17 21 April 23-18 3050 1450 1100 0.36 3.7 0.9815 0.489 
18 23 April 01-56 3400  1350 1200  1.58 4.1 0.9459 0.000 
19 23 April 20-55 1950  1250 650 0.90 3.9 0.9190 0.813 
20 24 April 13-57 3050  1200 350 1.95 4.2 0.9920 0.335 
21 7 May 00-10 1250  1350 950 1.82 4.1 0.9833 0.158 
22 9 May 07-51 3450 1300 750 9.26 4.6 0.9972 0.337 
23 17 May 04-14 750 1350 1050 0.98 4.0 0.9767 0.312 
24 17 May 04-53 155 0  1300 850 2.08 4.2 0.9911 0.037 
25 19 May 01-11 325 0  1300 95 0 0.56 3.8 0.9728 0.618 
26 19 May 15-54 340 0 1400 1050 3.60 4.3 0.9886 0.273 
27 19 May 16-21 100 1300 900 0.75 3.9 0.9827 0.889 
28 24 May 14-56 3500 1350 750 0.62 3.8 0.9846 0.154 
29 28 May 14-05 3250  1350 1200 2.86 4.3 0.9846 0.459 
30 1 June 07-31 130 0  130 0 900 1.16 4.0 0.9276 0.860 
31 6 June 04-19 3450 130 0 950 0.45 3.7 0.9643 0.907 
32 20 June 23-33 95 0 1300 1350 30.42 5.0 0.9995 0.104 
33 23 June 09-49 3350 1350 950 1.46 4.1 0.9741 0.181 
34 8 July 23-35 2000 1300 850 1.58 4.1 0.9897 0.355 
35 22 Sept. 21-49 1450 1350 900 2.22 4.2 0.9904 0.317 
36 17 Oct. 03-25 1050 1400 1000 0.45 3.7 0.9555 0.977 
37 18 Oct. 21-01 650 1350 1300 1.07 4.0 0.9920 0.116 
38 1 28 Nov. 20-39 210 0 1350 800 0.90 3.9 0.9633 0.998 
Table 6.2. Summary of the source parameters obtained for 38 earthquakes in the 1976 
Gazli sequence. Ms" is the scalar moment determined from the forward modelling, 
Mw is the corresponding moment magnitude. Significance and likelihood are defined 
in chapter 4. 
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The SP observed and synthetic seismograms for the 14-41, 4.9mSC,  earthquake of 
21 April 1976 are shown in figure 6.4. The synthetic waveforms match the observed 
at GBA, YKA and EKA. The synthetic waveforms at YKA and EKA match the two 
phases arriving between P and pP. The first phase is caused by a near—surface reflection 
above the focus, and the second by a S to P conversion at the Moho. This suggests 
that the crustal structure used for the epicentral region (shown in table 4.3) is realistic, 
at least for this earthquake. The high amplitude coda on the GBA waveform after pP 
is not modelled. Both the P and pP pulses on the observed SP waveform at WRA 
have a low frequency overshoot. The form of the pP pulse suggests that the polarity 
may be positive. The amplitudes of the synthetic seismograms for CBA and WRA are 
higher than those of the observed waveforms. 
Analysis of the other SP synthetic seismograms shows that the three events dis-
cussed above are representative of the category 2 (section 4.2.2) earthquakes studied. 
Typically the observed waveforms at GBA have high amplitude coda that is not re-
produced on the synthetic waveform. The direct P pulse observed at WRA generally 
exhibits a low frequency overshoot, often with undetermined polarity. A similar effec-
t is sometimes observed for the pP pulse at WRA. The amplitudes of the synthetic 
seismograms for GBA and WRA are about twice as high as those of the observed wave-
forms. The anomalous response exhibited by many direct P pulses at WRA and the 
differences in amplitude between the observed and synthetic waveforms at GBA and 
WRA are consistent with scattering of high frequencies in the signal. It is expected 
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Figure 6.2. Observed SP and corresponding synthetic seismograms for the 03-15 earthquake of 8 April 1976. 
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Figure 6.3. Observed SP and corresponding synthetic seismograms for the 12-03 earthquake of 8 April 1976. 
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Figure 6.4. Observed SP and corresponding synthetic seismograms for the 14-41 earthquake of 21 April 1976. 
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Category 5 Earthquakes 
Figure6.5 shows the observed SP and corresponding synthetic seismograms recorded 
at the four array stations for the 04-46, 4.2mf,, earthquake of 8 April 1976. The 
synthetic seismogram for YKA matches the observed, but the P, pP and sP phases on 
the observed GBA, EKA and WRA seismograms are difficult to identify without the 
corresponding correlogram. The amplitudes of the synthetic waveforms at GBA and 
WRA are greater than those of the observed seismograms. 
Isc The observed SP and corresponding synthetic seismograms for the 02-46, 4.4m, 
earthquake of 9 April 1976 are shown in figure 6.6. The relative amplitudes and polari-
ties of the synthetic seismograms match those observed. The amplitudes of the P, pP, 
and sP phases on the synthetic seismograms generated for GBA and WRA are greater 
than those on the observed waveforms. However, this effect is partially obscured by 
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Figure 6.5. Observed SP and corresponding synthetic seismograms for the 04-46 earthquake of 8 April 1976. 
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Figure 6.6. Observed SP and corresponding synthetic seismograms for the 02-46 earthquake of 9 April 1976. 
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6.3.2 The Effect of Noise on Short Period Seismograms 
The ability of noise to obliterate the first half cycle of the P arrival, and thus give an 
apparently erroneous polarity reading was demonstrated by Pearce & Barley (1977). 
The method of Pearce & Barley (1977) uses a sample of noise preceding the P onset 
on the observed seismogram to generate a random noise sample with the frequency 
spectrum of the observed noise. A synthetic seismogram is then added to the synthetic 
noise sample at a user defined signal-to-noise ratio. 
Figure 6.7 shows random synthetic noise generated using the method of Pearce & 
Barley (1977), added to a synthetic seismogram generated at WRA. The four noisy 
synthetic waveforms show how the clear onset and polarity of the P and pP phases 
degrade in the presence of noise. The amplitude of the noisy synthetic seismograms 
appears to be greater than those of the synthetic waveforms. 
Figures 6.8 and 6.9 show the observed array seismogram along with one correspond-
ing noisy synthetic seismogram for the 03-15, 8 April and 14-41, 21 April earthquakes 
to demonstrate the effect of noise upon SP synthetic seismograms. Qualitative analysis 
suggests that neither the high amplitude coda observed at GBA, nor the low frequency 
overshoot of the P pulse commonly observed at WRA are due to the effect of noise in 































Figure 6.7. Synthetic SF seismogram generated at WRA (model) and four examples of the same synthetic waveform added to 
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Figure 6.9. Observed SP and corresponding noisy synthetic seismograms for the 14-41 earthquake of 21 April 1976. 
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6.3.3 Broadband Synthetic Seismograms 
The anomalous effects observed at GBA and WRA could be due to a combination of 
scattering of high frequencies in the signal and the effects of a narrow-band instru-
ment. Modelling the broadband waveforms should give a better estimate of the true 
amplitudes and polarities of the body wave phases observed at the array stations. The 
method used to derive the BB waveforms from the SP data is described in detail in 
section 5.2. 
Figure 6.10 shows the 'phaseless' broadband (PBB) synthetic seismograms and 
the derived PBB waveforms for the 03-15 earthquake of 8 April 1976. The waveforms 
match, but the derived PBB waveform at EKA has large amplitude microseismic noise, 
which results in a poor fit. The direct P phase at YKA has a large-amplitude negative-
polarity precursor, which could be due to the effects of noise, or be an artifact of the 
filtering process used to derive the PBB waveform. The amplitudes of the PBB P and 
pP phases on the GBA and WRA synthetic waveforms are closer to those observed than 
on the SP waveforms. The anomalous direct P pulse observed on the SP waveform 
at WRA is no longer apparent, but there is a small overshoot on the derived PBB 
waveform. The pP pulse on the derived PBB waveforms at YKA and WRA has a 
large-amplitude positive-polarity precursor, which could be interpreted as pP if the 
arrival time was not noted from the observed SP waveforms. This effect was recognised 
in section 5.2, and was shown to be an artifact of the processing in section 5.4.3. 
Figure 6.11 shows the PBB synthetic seismograms and the derived PBB waveforms 
for the 14-41 earthquake of 21 April 1976. The polarities, pulse lengths and relative 
amplitudes of the P and pP phases match at EKA, YKA and WRA. The derived PBB 
waveform at GBA has a large-amplitude positive-polarity precursor to pP, followed 
by high-amplitude low-frequency coda that is not present on the synthetic waveform. 
The amplitudes of the synthetic waveforms are greater than those of the derived PBB 
waveforms at GBA and WRA. 
Widening the pass band of the recording instrument to BB removes the anomalous 
P and pP polarities and pulse shapes observed on SP WRA seismograms. This suggests 
that the anomalous effects at WRA are due to scattering of the higher frequencies in 
the signal. However, the amplitudes of the GBA and WRA synthetic seismograms are 
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generally higher than those of the derived PBB waveforms. It was shown in section 5.4.2 
using synthetic data that the Wiener filter, used to improve the signal-to-noise ratio 
when deriving the PBB waveforms, filters out some signal amplitude at the frequencies 
of interest. This may explain why the observed PBB signal has an anomalously low 
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Figure 6.11. Derived PBB and corresponding synthetic seismograms for the 14-41 earthquake of 21 April 1976. 
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6.3.4 The Effect of Noise on Broadband Seismograms 
Figure 6.12 shows a synthetic PBB seismogram generated for YKA, along with four 
noisy synthetic waveforms. The noisy synthetic waveforms were produced by adding 
noise to the SF synthetic seismogram using the method described in section 6.3.2. 
The noisy SF synthetic waveform was then processed using the method described in 
section 5.2 to derive PBB waveforms from noisy SF seismograms. The noisy PBB 
synthetic waveforms in figure 6.12 show the effects of the process of deriving PBB 
waveforms from the SF seismograms. The first noisy PBB synthetic waveform has 
reduced amplitude extremes, and a large-amplitude positive-polarity precursor to pP 
is apparent. The remaining noisy synthetic PBB waveforms show that interference of 
the signal with low frequency microseismic noise can degrade the P pulse, and also 
produce large-amplitude negative-polarity precursors to the P pulse. 
Figure 6.13 shows the derived PBB seismograms for the 03-15 earthquake of 8 
April 1976 along with the noisy synthetic PBB waveforms obtained from the noisy 
synthetic SP waveforms shown in figure 6.8 using the method described in section 5.2. 
The amplitudes and polarities of the P, pP and sP phases of the noisy synthetic PBB 
seismograms closely match the derived PBB waveforms at all four stations. The large 
amplitude precursor to the P phase observed at YKA and EKA is shown to be an 
artifact of the conversion from SP to PBB, as is the large-amplitude positive-polarity 
precursor to pP observed at WRA. 
The derived PBB waveforms for the 14-41 earthquake of 21 April 1976 are shown 
in figure 6.14 along with the noisy synthetic PBB waveforms obtained from the noisy 
synthetic SF waveforms shown in figure 6.9. The noisy synthetic PBB waveforms closely 
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Figure 6.12. Synthetic PBB seismogram generated for YKA (model). The four noisy PBB synthetic waveforms (noise+) beneath 
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Figure 6.14. Derived PBB and corresponding noisy synthetic waveforms for the 14-41 earthquake of 21 April 1976. 
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6.4 Conclusions 
• The relative amplitudes of the P, pP and sP phases of the synthetic SP waveforms 
match those observed, demonstrating that the orientation of the 'best-fit' double 
couple obtained in section 4.4.5 using the Gaussian relative amplitude method is 
consistent with the observed data for the 38 earthquakes studied. 
• The focal depth of 38 earthquakes in the 1976 Cazli sequence is estimated by 
matching the P to pP travel time of the synthetic waveform to that observed. 
Results suggest that the larger earthquakes nucleate below a depth of 8 km. 
• The scalar moment, M, is estimated for 17 earthquakes with low signal-to-
noise ratios (category 5) by adjusting the radius of the model fault until the 
amplitude of the synthetic SP waveform, calculated for the station recording 
with the highest signal-to-noise ratio, matched that observed at that station. 
• Noisy synthetic seismograms demonstrate qualitatively the effect of noise on pulse 
shape and signal amplitude in the SP and BB pass bands. Anomalous polarities, 
amplitudes and pulse lengths observed on derived PBB waveforms are shown to 
be an artifact of the methods used to convert noisy SP seismograms to PBB 
waveforms. 
• The synthetic PBB seismograms for category 2 earthquakes match the derived 
PBB waveforms, demonstrating that the values of t and M used to calculate 
the synthetic seismograms are consistent with the values of t and M0 estimated 
independently. 
Chapter 7 
Body Wave Magnitudes from 
the 1976 Gazli Earthquake 
Sequence 
7.1 Introduction 
Earthquake magnitude was first defined by Richter in the mid 1930's as the logarithm of 
the maximum amplitude measured in microns on the record of a horizontal—component 
standard—torsion seismograph (known as the Wood—Anderson seismometer). The in-
strument is located 100 km from the earthquake epicentre, and has a pendulum period 
of 0.8 seconds with standard damping and magnification. The magnitude measured 
in this way is known as the local magnitude, ML,  and is used to describe the size of 
a disturbance recorded by local networks. In practice, a calibration curve is used so 
that amplitudes recorded from a disturbance at an arbitrary epicentral distance can be 
reduced to that expected at 100 km. The calibration curve has to be determined empir-
ically for each region. The original Richter calibration curve is only valid for Southern 
California. If the instrument recording the disturbance is not a Wood—Anderson seis-
mometer then a calibration curve is needed to convert from the recording instrument 
response to that of the Wood—Anderson seismograph. 
Magnitudes are now routinely estimated for most instrumentally recorded seismic 
176 
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disturbances. All of the modern magnitude scales are refinements of the original Richter 
scale. Modern seismologists estimate magnitude using vertical component recordings 
from narrow-band seismographs, as both the short period, SF (T - 1 second) and 
long period, LP (T 20 seconds) narrow-band instruments are widely distributed 
within the WWSSN and GDSN. Agencies such as the ISC and USGS routinely report 
magnitudes at the dominant period of the WWSSN and GDSN instruments. They are 
the body wave magnitude, m (based on the maximum amplitude of vertical component 
SP P waves), and the surface wave magnitude, M5 (based on the maximum amplitude 
of the vertical component of the Rayleigh wavetrain). 
Earthquake magnitude is both convenient and widely available. However, it is 
based on an empirical relationship. A better estimate of the size of a disturbance is 
the scalar moment, M0 , which is directly proportional to the area under a broadband 
pulse (see section 5.4). M0 has a physical meaning unlike magnitude estimates which 
are measured on an arbitrary scale, although many authors have derived empirical 
relationships between earthquake magnitude and scalar moment (Main & Burton 1990). 
Kanamori (1977) attempted to define a magnitude scale using scalar moment; which 
is known as the moment magnitude, Mw.  The moment magnitude is estimated for 38 
earthquakes in the 1976 Gazli sequence in chapter 6. 
In this chapter the body wave magnitude is estimated for 55 earthquakes in the 1976 
Gazli sequence using the amplitude of the P phase recorded by the medium aperture 
SF array stations YKA, GBA, WRA and EKA. The measured P amplitude is then 
corrected for the effects of the source radiation pattern and attenuation for 38 of the 
shocks. 
7.2 Theoretical Background 
7.2.1 Definition of Body Wave Magnitude 
A summary of early body wave magnitude definitions is given in an excellent review 
paper by B.th (1981). Body wave magnitudes determined by the ISC follow the 1967 
IASPEI assembly, Zurich recommendations (Bth 1981) which modify the definition 
of Gutenberg & Richter (1956) and restrict amplitude measurements to those made at 
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teleseismic distances. The definition of m, used by the ISC is: 
mf = log(A/T) max + q(/, h) 	 (z > 200 ) 	 ( 7.1) 
where log(A/T)max is the maximum amplitude, A (in microns) of the wave group of 
P at period T. q(z, h) is a calibration function determined empirically which depends 
on the epicentral distance, L and the focal depth, h. Gutenberg & Richter (1956) 
used relatively broadband instruments to measure the magnitude (T "-i 7 seconds for 
P waves from major earthquakes). However, the ISC and USGS measure log(A/T)max 
from vertical component SP P seismograms. A is defined as the maximum amplitude 
in the first five seconds of the record. 
The body wave magnitudes measured in this study are made using a relationship 
similar to that in equation 7.1 using amplitude and period data from vertical component 
SP array seismograms. Since the earthquakes are shallow, the pP phase is usually 
observed within five seconds of the start of the record, to avoid possible positive bias 
of the measured maximum amplitude, m, is calculated using the amplitude of the P 
phase only. 
7.2.2 Physics of Magnitude Estimates 
Parameterisation 
Any estimate of earthquake magnitude, M, is a compromise between observation and 
theory (B.th 1981). If the magnitude calculated from an instrumental observation is to 
relate directly to the size of the earthquake, then the independent variables are not only 
AlT, A and h in equation 7.1, but also the source properties (radiation pattern and 
spectra), the path properties (anelastic attenuation, geometrical spreading, dispersion) 
and the receiver properties (tectonics, structure, instrumentation), which Bath (1981) 
denotes by K, P and R respectively. Following Bath (1981, p. 323) M can be expressed 
as: 
M = M(A/T,i.,h,K,P,R). 	 (7.2) 
AlT can be measured from a seismogram, and i and h can be estimated given the 
hypocentre. However, K, P and R are difficult to measure and are often ignored, so 
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equation 7.2 simplifies to equation 7.1 for the body wave magnitude, mb. 
The body wave magnitude estimated for a given disturbance by an agency such as 
the ISC, is simply the mean of the magnitudes calculated using equation 7.1 for all 
reporting stations. Generally there is a large scatter in observed magnitudes, which is 
due in part to error in the reported values of AlT, L and h, and to the effects of not 
accounting for the terms K, P and R in equation 7.2. 
Radiation Pattern Effects 
von Seggern (1970) showed that theoretically the orientation of a double couple source 
can bias body wave and surface wave magnitude estimates by as much as 1.0 mag-
nitude unit. If the source radiation pattern is known then it is possible to correct 
the observed amplitude at a given station to some sort of 'average' radiation pattern. 
Jarosch (1968) corrected for the 'average' radiation by calculating the mean amplitude 
of an azimuthally uniform source with a radiation pattern having the same surface area 
as the presumed double couple. Chandra (1970) corrected for the 'average' radiation 
pattern by using an azimuthally symmetric mechanism whose energy is the same as 
that from the presumed double couple. The study of Chandra (1970) was applied to 
five earthquakes with magnitudes 6.5 to 7.5. Syed & Nuttli (1971) use the integral 
of the double couple radiation pattern to estimate the 'average' amplitude, A. They 
showed that A = 4/37r of the antinodal value of the radiation pattern. Syed & Nuttli 
(1971) attempted to apply a routine correction to measured magnitudes on the basis 
of a dominant focal mechanism derived from the plate tectonic setting. Only stations 
with amplitudes greater than A were included in their calculation of mt.  Btth (1981) 
concluded that the results from attempts to correct magnitudes for the effect of the 
source radiation pattern are disappointing. 
Anelastic Attenuation Effects 
Marshall, Springer & Rodean (1979) attempted to correct for attenuation in the upper 
mantle at the source and receiver by defining a magnitude, m. The value for the seis-
mic quality factor, Q, was determined from an empirical relationship between anelastic 
attenuation and P wave speed. The P wave speed was obtained from published profiles 
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of wave speed against depth. 
7.2.3 Statistical Magnitude Methods 
One problem with using the mean magnitude is that noise and/or an amplitude mea-
surement threshold employed by station analysts result in low station magnitude values 
not being reported (Lilwall & Neary 1986). This results in a positive bias of the mean 
magnitude for small disturbances. 
The magnitude bias problem can be eliminated by applying statistical method-
s to reported magnitudes in the hope that mean magnitudes estimated from a large 
well-distributed network will be independent of source and path effects. Ideally, the 
magnitude scale should not saturate (the m, scale becomes saturated at large magni-
tudes, because of the effect of spectral fall-off at frequencies greater than the corner 
frequency of the source spectrum). All amplitude readings should be well above the 
noise level and on scale, and the calibration curve, q(L, h) should be correct. 
For small earthquakes, magnitudes reported by the ISC are determined by few sta-
tions. One method that allows a more reliable estimate of Mb  from small earthquakes 
is that of Lilwall & Neary (1986), which is based on the 'maximum likelihood' method 
of Ringdahl (1976). The method of Lilwall & Neary (1986) is an attempt to overcome 
the bias in reported ISC body wave magnitudes using a procedure which estimates the 
effects caused by the location, reliability, amplitude reporting thresholds, and number 
of reporting stations in a network. The method also allows for changes in the network 
of reporting stations with time. The amplitude-distance calibration curve used is that 
of Marshall, Bingham & Young (1986) which is smoother than that of Gutenberg & 
Richter (1956). In the teleseismic distance range (30 0  < A < 100°) the two calibration 
curves are very similar and well defined compared to distances outside the teleseismic 
range. For this reason only stations in the network reporting amplitude/ period data 
within the teleseismic distance range are used in determining the maximum likelihood 
magnitude, mr. Recent work by Douglas (1994) has discovered an error in the for-
mulation of Ringdahl (1976) which is used by Lilwall & Neary (1986). This effect 
over-estimates mr near the network threshold ('-' 4.0m"). 
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7.2.4 Joint Magnitude Determination 
Joint Magnitude Determination (JMD) is the term used by B.th (1981) to describe a 
group of methods that can be used for the determination of magnitude and regional 
station corrections for limited groups of epicentres and stations. The JMD method uses 
analysis-of--variance techniques to determine which effects are statistically significan-
t. Usually a network will contain stations that are non-operational, or do not report 
an amplitude because the signal is close to or below the station threshold; this leaves 
gaps in the analysis-of-variance table. The method of least squares allows for these 
gaps, and also allows the confidence intervals to be estimated. Carpenter, Marshall & 
Douglas (1967) used a least squares JMD method to estimate an amplitude-distance 
curve for teleseismic P waves using explosion data. Douglas, Young & Marshall (1981) 
use the method of Carpenter et al (1967) to analyse P wave amplitudes observed at 
North American stations. Douglas et al (1981) found that the station effects correlate 
with c 1 , the P, wave speed beneath the recording station. Douglas et al (1981) also 
concluded that neither the noise level at recording stations nor the variation in crustal 
structure make a significant contribution to the station effect. An earlier study by 
Booth, Marshall & Young (1974) showed that SF station effects correlate with vari-
ations in Q in the upper mantle (which is related to variations in cT), and that the 
distance effect is not significant for epicentral distances between 300  and 90°. 
- Marshall et al (1986) also use the method of Carpenter et al (1967) to derive an 
amplitude-distance curve and station effects using data recorded by 26 stations in 
the former USSR from 1621 shallow earthquakes with globally distributed epicentres. 
Marshall et al (1986) derive a relationship between the station effect, corrected for 
crustal structure at the receiver, the regional o, and heat flow. Marshall et al (1986) 
found that the receiver crustal structure did significantly contribute to the station 
effects, especially for stations sited on thick sedimentary layers with low wave speed. 
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7.3 Measuring Body Wave Magnitude for the P Phase 
7.3.1 Method of Analysis 
The method of analysis used here is that of Douglas (1966), which is a JMD method. 
The method was originally formulated to determine the relative sizes of a set of explo-
sions at a given test site, recorded by a network of stations. The method is equally 
applicable to a group of earthquakes, such as the 1976 Gazli sequence, from a small 
epicentral region recorded by a small network of stations, such as the four SF arrays. 
The magnitude formula can be written (Douglas 1966, eqn. 2): 
m 3 =b+s1+ fin +e 	 (7.3) 
where mij is the magnitude measured at the jth  station for the 
jth  seismic source. bj 
is the relative size of the jth source. si is a station term (station effect). The station 
term depends on the distance from the hypocentre, the variation of wave speed with 
depth at the station, anelastic attenuation along the path, and any stationary radiation 
pattern effect common to each source in the sequence. ih is a constant that can be 
thought of as the magnitude of the average source at the average station. c,, is the 
error of each observation of m 3 . 
If it is assumed that IJ b3 = 0, >J, si = 0 and that the errors Eij are normally 
distributed (Douglas 1966), then the model in equation 7.3 becomes that of a two way 
analysis of variance. An estimate of b, and of s1 can be easily found. flu is simply the 
mean value of mi,. The errors, €jj, can be estimated, and hence the confidence limits. 
Unfortunately any network of stations will fail to record some disturbances, either 
because a station was not operating or the signal amplitude was below the detection 
threshold. However, the method of least squares does not require all of mij to be 
known. If the problem is solved using Least Squares Matrix Factorisation (LSMF), 
then confidence intervals can be estimated by analysing the covariance matrix (Douglas 
1966). 
Analysis of the body wave magnitudes from the 1976 Gazli earthquake sequence 
is performed using the LSMF computer program described by Douglas (1966). The 
program outputs the values and confidence limits of the mean magnitude for each 
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disturbance, ni, fn, and an estimate of Si. The program also outputs statistical pa-
rameters that can be used to test the significance of various statistical hypotheses using 
standard analysis-of-variance techniques. 
7.3.2 The Data 
The amplitude and the period were measured for the P phase from the beam-formed 
array seismograms, which were processed using the method described in section 3.2.1. 
The amplitude and period were only measured from impulsive P phases where the 
period, T, of the first cycle was clear. The amplitude is taken as half the peak to peak 
value of the first cycle. The amplitude, A, is then corrected for the instrument gain at 
period T. 
The body wave magnitude observed at a given station, m° , is then given by the 
relationship: 
M O = log ALT + B(L) 	 (7.4) 
where B(/.) is the amplitude-distance correction at epicentral distance 
jO  Lx is es-
timated using the ISC epicentre location (see table 4.1). The B(i) curve of Marshall 
et at (1986) is used, as this was derived empirically for stations located in the former 
USSR recording globally distributed earthquakes. 
7.3.3 Results and Discussion 
Table 7.1 shows the mean observed magnitude, ñi, for 55 earthquakes in the 1976 
Gazli sequence, along with the 95% confidence limits estimated using the least squares 
analysis method of Douglas (1966). The body wave magnitudes reported by the ISC, 
mf', , estimated using the method of and the maximum likelihood magnitude, mr 
Lilwall & Neary (1986) are also shown for comparison. 
The differences between mf and mm  are shown in figure 7.1. Generally mr" 
has a larger value than mr, showing clearly that the ISC estimate of magnitude at 
relatively low values (mf, < 5.2) is biased high compared with that estimated using 
the maximum likelihood method. However, at low values of magnitude mm 
this is the effect of the error in the formulation of Lilwall & Neary (1986) which tends 
to over-estimate mr close to the network threshold (Douglas 1994). 
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Date Origin Time mb Nisc mb NM N 
8 April 1976 03-15-22.2 4.3 4 4.27 3 4.73±0.17 4 
8 April 1976 03-30-49.6 4.0 4 3.96 3 4.35±0.17 4 
8 April 1976 04-46-07.8 4.2 - 3.89 1 4.22±0.17 4 
8 April 1976 04-58-54.5 4.5 5 4.25 4 4.34±0.17 4 
8 April 1976 06-16-50.7 4.5 7 4.31 6 4.43±0.17 4 
8 April 1976 09-10-09.3 4.2 - 4.07 2 4.16±0.17 4 
8 April 1976 12-03-41.3 5.1 26 4.84 23 4.96±0.17 4 
8 April 1976 22-54-18.0 4.0 - 3.95 2 4.08±0.17 4 
9 April 1976 02-46-24.9 4.4 4 4.16 4 4.18±0.17 4 
12 April 1976 06-35-23.2 3.8 - 3.69 1 4.02±0.20 3 
12 April 1976 16-12-59.5 4.0 - 3.80 1 4.23±0.17 4 
14 April 1976 07-51-06.5 3.9 4.05±0.24 2 
14 April 1976 19-26-56.4 3.6 - 3.56 1 4.20±0.17 4 
15 April 1976 06-15-21.1 4.2 - 4.04 2 4.19±0.17 4 
15 April 1976 16-35-19.3 3.9 - 3.81 2 4.23±0.24 2 
16 April 1976 02-36-52.4 3.8 - 3.59 1 4.06±0.20 3 
17 April 1976 12-11-14.6 4.4 3 4.00 2 4.30±0.17 4 
17 April 1976 13-47-57.4 4.0 - 3.81 1 4.09±0.20 3 
17 April 1976 20-21-47.3 4.0 - 3.82 1 4.01±0.20 3 
18 April 1976 22-37-39.8 4.6 4 4.23 4 4.35±0.17 4 
21 April 1976 14-41-30.7 4.9 36 4.88 32 4.98±0.17 4 
21 April 1976 22-33-31.7 4.1 - 3.98 2. 4.07±0.24 2 
21 April 1976 23-18-33.7 4.0 - 3.83 1 4.15±0.17 4 
23 April 1976 01-56-46.6 4.7 7 4.36 6 4.55±0.24 2 
23 April 1976 20-55-28.7 4.6 3 4.25 3 4.39±0.20 3 
24 April 1976 13-57-01.5 4.4 4 4.06 2 4.36±0.24 2 
7 May 1976 00-10-49.9 4.7 7 4.37 7 4.54±0.17 4 
9 May 1976 07-51-15.2 5.1 17 4.81 16 5.11±0.17 4 
17 May 1976 04-14-13.6 4.6 8 4.38 8 4.58±0.24 2 
17 May 1976 04-53-52.0 4.7 19 4.59 18 4.64±0.20 3 
17 May 1976 17-46-18.3 4.8 8 4.43 8 4.48±0.20 3 
18 May 1976 04-16-22.3 4.7 14 4.54 12 4.14±0.20 3 
18 May 1976 08-57-29.4 4.8 4.68±0.20 3 
18 May 1976 135423.9* 
47* 4.68±0.20 3 
19 May 1976 01-11-17.4 4.5 4 4.25 4 4.32±0.24 2 
19 May 1976 15-54-44.7 4.9 26 4.73 24 4.73±0.20 3 
19 May 1976 16-21-44.9 4.4 5 4.01 5 4.35±0.20 3 
21 May 1976 16-05-28.5 4.3 - 3.99 3 3.97±0.24 2 
23 May 1976 09-49-22.3 4.0 - 3.94 2 4.04±0.20 3 
24 May 1976 06-10-54.7 3.8 - 3.79 2 3.92±0.24 2 
24 May 1976 14-56-12.4 4.6 3 4.19 3 4.35±0.20 3 
28 May 1976 14-05-37.1 4.8 22 4.70 21 4.60±0.24 2 
1 June 1976 07-31-57.7 4.7 - 3.92 1 4.45±0.20 3 
6 June 1976 04-19-09.9 4.5 3 4.15 3 4.42±0.20 3 
11 June 1976 13-42-37.9 4.2 3 4.06 2 4.26±0.24 2 
20 June 1976 23-33-48.1 5.2 56 5.14 46 5.01±0.24 2 
23 June 1976 09-49-32.8 4.8 6 4.37 6 4.58±0.20 3 
8 July 1976 23-35-37.4 4.6 5 4.29 5 4.55±0.20 3 
18 Aug. 1976 23-17-55.2 4.0 - 3.93 2 3.99±0.24 2 
21 Aug. 1976 12-15-34.3 3.7 - 3.68 1 4.17±0.24 2 
22 Sept. 1976 21-49-41.4 4.8 26 4.66 25 4.62±0.20 3 
17 Oct. 1976 03-25-33.0 5.1 6 4.36 6 4.53±0.20 3 
18 Oct. 1976 21-01-48.3 4.7 5 4.29 5 4.43±0.20 3 
2 Nov. 1976 22-19-33.3 4.02±0.24 2 
28 Nov. 1976 1 	20-39-37.5 1 	4.6 1 	5 1 4.27 1 	5 1 4.49±0.24 1 	2 
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Table 7.1. Body wave magnitudes for all earthquakes in the 1976 Gazli sequence which 
were detected at more than one array station. mfC  is the body wave magnitude 
reported by the ISC. mm is the maximum likelihood magnitude (Lilwall & Neary 
1986). Nisc  is the number of amplitude/ period observations used to calculate m1, 
a '-' indicates that the magnitude estimate was not determined by the ISC. NM is the 
number of amplitude/ period observations used to determine mm . ñt is the mean 
body wave magnitude of the P phase recorded by N of the array stations. The 95% 
confidence limits are from the least squares analysis. * indicates that the origin time 
and magnitude are those reported by the NEIC. 
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Figure 7.1. Scatter plot comparingm isc  and mr  ( mb(MXL)). The line shown has 
a slope of unity. 
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All Observations Noisy Observations Removed 
Variance of a single observation 	0.0289 	 0.0247 
Total degrees of freedom 	 109 81 
Sum of squares due to stations 	4.1568 	 3.7015 
Degrees of freedom 	 3 3 
Mean square due to stations 	1.3855 	 1.2338 
Significance level 	 < 0.1% < 0.1% 
Sum of squares due to events 13.3347 9.0977 
Degrees of freedom 54 37 
Mean square due to events 0.2469 0.2459 
Mean event size, fn 4.369 4.451 
Table 7.2. Statistical parameters from the least squares analysis of variance using all 
observed magnitudes. 
Array All Observations - Noisy Observations Removed 
Station N Station Term N Station Term 
GBA 44 —0.210 ±0.048 31 —0.241 ±0.052 
EKA 46 0.203 ±0.047 34 0.186 ±0.049 
YKA 53 0.119 ±0.044 38 0.154 ±0.047 
WRA 24 1 	—0.112 	±0.061 	11 19 1 	—0.098 ±0.063 
Table 7.3. Station terms estimated for each of the four array stations using all of the 
available data, and also using a dataset where noisy readings were removed. Analysis 
of variance shows that the station terms are highly significant. The estimated station 
terms are shown with 95% confidence limits. 
A comparison of the observed body wave magnitude, fno, and that estimated by 
the ISC is shown in figure 7.2a. The data show a large amount of scatter, but two 
trends are discernible. The first is that at larger magnitudes mf, is greater than ñi. 
The second is that at low magnitude values in-0 tends to be greater than misc 
Both trends are probably attributable to the effect of estimating a mean using a 
small number of observations. For example, the outlier in figure 7.2a with mb'' = 5.1, 
fnO = 4.53 (17 October 1976, origin time 03-25), appears to have an anomalously large 
ISC magnitude compared with the observed value. However, the maximum likelihood 
magnitude is 4.36, an anomalously low magnitude compared with the observed value. 
Both and mr  were estimated using six station readings. 
Figure 7.2b compares üi with m'1 . There is less scatter in the data about a linear 
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Figure 7.2. Scatter plots comparing (a) ni (mb(OBS)) and mL' and (b) fii and m. The line shown has a slope of unity. The 
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error bars represent 95% confidence limits estimated by the least squares analysis. 
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trend in figure 7.2b than in figure 7.2a. At larger magnitudes the observed magnitude is 
approximately equal to the maximum likelihood magnitude. At smaller magnitudes the 
observed magnitude is greater than the maximum likelihood magnitude. The outlier in 
figure 7.2 with in- O = 4.14, m m = 4.54 (m' = 4.7) represents magnitudes estimated 
for the 04-16 earthquake of 18 May 1976. Examination of the waveforms for this 
earthquake show that both EKA and YKA have near-nodal P phase arrivals, and that 
the complex waveform recorded at GBA has a 15 second negative arrival time residual 
(see figure 4.4). This suggests that the radiation pattern from a disturbance can bias 
the estimated magnitude significantly if only a few station readings are used. 
Table 7.2 shows the statistical parameters estimated by the least squares analysis. 
Table 7.3 shows the station terms, which are statistically highly significant, with the 
estimated 95% confidence limits. The array stations GBA and EKA have relatively 
large station terms ( 0.2 magnitude units) compared to those estimated for YKA and 
WRA. 
7.4 Factors Determining Body Wave Magnitude 
7.4.1 Introduction 
The dataset for the 1976 Gazli earthquake sequence provides an excellent opportunity 
to examine the effects of the terms neglected in the parameterisation of body wave 
magnitude by Bth (1981) (equation 7.2), as an independent estimate has been made 
of both the radiation pattern and the anelastic attenuation. The radiation pattern and 
attenuation effects are dealt with quantitatively in the next two sections. This section 
attempts to identify and quantify the other factors that may bias the estimate of ñi. 
7.4.2 Sources of Error 
The random error in the observed magnitudes is attributable to two main sources. 
The first is the error in the measured amplitude and period of the P phase from 
each seismogram and the second is random radiation pattern effects (a near-nodal P 
observed at a station will increase the variance and bias low the value of the mean 
magnitude). 
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The first effect is unavoidable, but the error is reduced if the same operator reads all 
of the amplitudes and periods using a set procedure. The second effect is investigated 
in section 7.5. 
The station term could be due to some systematic bias introduced by the station 
operator. It is hoped that since all of the amplitude and period observations were taken 
by one operator (the author) any systematic effect will be negligible. 
The station term could be due to a combination of the following physical causes: 
Variations from station to station in the wave speed of the surface layers, leading 
to crustal amplification of the waveform recorded by the seismograph. 
Noisy seismograms producing a systematic bias in amplitude readings. 
Focusing and defocusing effects caused by lens like structures near the receiver. 
Errors in the B(s) calibration curve. 
Systematic errors in the instrument response calibration. 
Systematic radiation pattern effects (see section 7.5). 
Anelastic attenuation along the path from the epicentral region to the station 
(see section 7.6). 
The effect of 1. has been investigated by means of an experiment similar to that of 
Marshall et al (1986). Synthetic seismograms were generated using a simple isotropic 
source of 40 kilotonnes, buried at a depth of 1 km in a reference crust for the former 
USSR (Marshall et al 1986, p.  85). Synthetic seismograms were then generated for the 
same source, but using the receiver structure derived for each array station (Arora 1969, 
Hasegawa 1971, Parks 1967, Underwood 1967). Crustal amplification factors were then 
calculated. The largest crustal amplification factor found was 0.01 magnitude units, 
which is small compared with the station terms. This is perhaps not that surprising as 
the receiver structure was one of the criteria upon which the siting of the array stations 
was based. 
The effect of 2. was studied by Douglas et al (1981). They concluded that the 
noise level at a receiver has no significant systematic effect upon the station term. 
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Tables 7.2 and 7.3 show the results from the least squares analysis for all the observed 
magnitudes and the same dataset, but with noisy waveforms removed (this corresponds 
to the waveforms used to estimate the radiation pattern in chapter 4 for 38 earthquakes 
in the 1976 Gazli sequence). The differences in the station terms estimated using the 
two datasets are small. The variance due to the station term is slightly reduced, but 
is only statistically significant at the 46% level (the 50% level corresponds to purely 
random processes). This suggests that magnitudes estimated using noisy waveforms 
do not contribute significantly to the station term. 
The effect of 3. is difficult to quantify. One qualitative approach is that of Mohan & 
Rai (1992), who use semblance techniques to identify scatterers (regions of defocusing) 
beneath the GBA array. They concluded that there was a dominant scatterer either 
in the topmost upper mantle or the lower crust, which corresponds to a large granitic 
intrusion elongated north—south. Direct P waves from the epicentral region of the 
1976 Gazli sequence would pass through this scatterer, resulting in energy loss, and 
thus a negative station term. Haddon & Husebye (1978) concluded that subcrustal 
heterogeneity, resulting in focusing and defocusing of energy, is responsible for observed 
P wave amplitude and travel time anomalies. They showed that a correlation between 
large amplitudes and positive travel time residuals observed across the NORSAR array 
is consistent with focusing due to a thin lens structure at a depth of about 200 km. 
The size of this effect is unknown. 
Systematic error in the B(L) calibration curve (effect 4.) could also be significant, 
but this is difficult to quantify as the calibration curves are determined empirically. 
However, the difference between the B(i) curve of Marshall et al (1986) and that of 
Gutenberg & Richter (1956) can be as large as 0.15 magnitude units in the teleseismic 
distance range (Marshall et al 1986, p.  80). 
Effect 5. could be significant, as a 20% error in the calibration of the instrument 
gain at 1 Hz results in an error of about 0.1 magnitude units for a magnitude 4.0 
disturbance estimated at an epicentral distance of 45°. 
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7.5 Correcting Body Wave Magnitude for the Radiation 
Pattern 
7.5.1 Introduction 
If the body wave magnitude is calculated from the amplitude of the direct P phase then 
Mb will be dependent upon the orientation of the source radiation pattern. Generally, 
for all but very shallow disturbances, the amplitude used by agencies such as the ISC 
to calculate Mb  will be the amplitude of the direct P phase. However, this is not 
true when the recording station is near a node in the P wave radiation pattern. Then 
the direct P phase may be undetected (if the hypocentre estimate is reliable then the 
station should have a positive travel time residual) and the amplitude measured is from 
some other phase, or from the coda following emergent P. Near—nodal P observations 
often result in a negative magnitude residual. 
For sufficiently large earthquakes, where the magnitude is estimated at a large 
number of stations that are well distributed on the focal sphere, the effects of the 
source radiation pattern should be less extreme than if the earthquake is small and 
consequently only recorded by a small number of stations. 
For an earthquake of a given size at a given depth, 45° dip slip mechanisms ra-
diate energy to teleseismic distances from near the antinode of the radiation pattern. 
However, a vertical strike slip mechanism radiates energy containing both nodes and 
antinodes to teleseismic distances. Thus, for a network of stations used to estimate the 
body wave magnitudes at teleseismic distances, the magnitude of 45° dip slip mecha-
nisms will be biased high compared with that estimated for a similar size disturbance 
with a vertical strike slip mechanism. 
In this study the amplitude corrected for the instrument response, measured from 
the array seismograms, is divided by the radiation pattern term (AFP  of equation 5.8) to 
correct to the antinodal value. The antinodal value is then multiplied by the 'average' 
amplitude factor (A = 4/37r 0.424) of Syed & Nuttli (1971) and the magnitude 
calculated using the relationship in equation 7.4. The reason for correcting to the 
'average' radiation pattern value rather than the antinodal value, is so that the results 
may be compared with mm . The maximum likelihood magnitude takes account of 
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stations that do not report amplitude information from a given disturbance. If the 
signal is of sufficient size to be above the station detection threshold and that station 
does not report a magnitude, then that station may be near a node of the P radiation 
pattern. At teleseismic distances near-nodal observations are more likely for strike slip 
mechanisms than for 45° dip slip mechanisms. Comparing source-corrected magnitudes 
with the maximum likelihood magnitudes should determine whether the statistical 
formulation of mr  contains a crude radiation pattern correction. 
7.5.2 Results 
Table 7.4 shows the mean observed magnitudes and the mean source-corrected mag-
nitudes (n4) estimated using the method of least squares. For all 38 earthquakes 
analysed the 95% confidence limits are significantly reduced after a correction for the 
radiation pattern has been applied. This is verified statistically in table 7.5 where the 
variance of a single observation is reduced from 0.0247 to 0.0188 by applying the radi-
ation pattern correction. Analysis of variance shows the correction is significant at the 
11% level. 
Table 7.6 shows the station terms estimated by the least squares analysis using 
the mean observed magnitudes and the source-corrected magnitudes. The radiation 
pattern correction has reduced the 95% confidence limits of the individual station terms. 
The absolute values of the station terms for WRA and EKA have increased, while those 
for YKA and GBA have been reduced, indicating that the radiation pattern contained 
some systematic station effects. The results suggest that on 'average' the P phase 
amplitude radiated to EKA was systematically lower than that radiated to the three 
other array stations. However, this effect is small (r.. 0.04 magnitude units for EKA). 
The reduction of the mean square due to the stations after applying the radiation 
pattern correction (table 7.5) is only statistically significant at the 48% level (i.e. almost 
insignificant). This suggests that while individual station terms contain a systematic 
bias that has been corrected for, the station network does not contain a systematic bias 
due to the radiation pattern. 
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Ref. No. Date Origin Time N mr 
1 8 April 1976 03-15-22.2 4.73 ±0.16 4 4.44 ±0.14 4.27 
2 8 April 1976 03-30-49.6 4.35 ±0.16 4 4.10 ±0.14 3.96 
3 8 April 1976 04-46-07.8 4.22 ±0.16 4 3.94 ±0.14 3.89 
4 8 April 1976 04-58-54.5 4.34 ±0.16 4 4.02 ±0.14 4.25 
5 8 April 1976 06-16-50.7 4.43 ±0.16 4 4.17 ±0.14 4.31 
6 8 April 1976 09-10-09.3 4.16 ±0.16 4 4.07 ±0.14 4.07 
7 8 April 1976 12-03-41.3 4.96 ±0.16 4 4.84 ±0.14 4.84 
8 8 April 1976 22-54-18.0 4.08 ±0.16 4 4.00 ±0.14 3.95 
9 9 April 1976 02-46-24.9 4.18 ±0.16 4 3.91 	±0.14 4.16 
10 15 April 1976 06-15-21.1 4.19 ±0.16 4 3.88 ±0.14 4.04 
11 17 April 1976 12-11-14.6 4.30 ±0.16 4 4.03 ±0.14 4.00 
12 17 April 1976 13-47-57.4 4.09 ±0.18 3 3.89 ±0.16 3.81 
13 17 April 1976 20-21-47.3 4.01 	±0.18 3 3.75 ±0.16 3.82 
14 18 April 1976 22-37-39.8 4.35 ±0.16 4 4.16 ±0.14 4.23 
15 21 April 1976 14-41-30.7 4.98 ±0.16 4 4.68 ±0.14 4.88 
16 21 April 1976 22-33-31.7 4.07 ±0.22 2 3.82 ±0.19 3.98 
17 21 April 1976 23-18-33.7 4.15 ±0.16 4 3.90 ±0.14 3.83 
18 23 April 1976 01-56-46.6 4.55 ±0.22 2 4.18 ±0.19 4.36 
19 23 April 1976 20-55-28.7 4.39 ±0.18 3 4.10 ±0.16 4.25 
20 24 April 1976 13-57-01.5 4.36 +0.22 2 4.28 ±0.19 4.06 
21 7 May 1976 00-10-49.9 4.54 +0.16 4 4.22 ±0.14 4.37 
22 9 May 1976 07-51-15.2 5.11 	±0.16 4 4.81 	±0.14 4.81 
23 17 May 1976 04-14-13.6 4.58 ±0.22 2 4.32 ±0.19 4.38 
24 17 May 1976 04-53-52.0 4.64 +0.18 3 4.32 ±0.16 4.59 
25 19 May 1976 01-11-17.4 4.32 +0.22 2 3.97 ±0.19 4.25 
26 19 May 1976 15-54-44.7 4.73 ±0.18 3 4.43 ±0.16 4.73 
27 19 May 1976 16-21-44.9 4.35 ±0.18 3 4.08 ±0.16 4.01 
28 24 May 1976 14-56-12.4 4.35 ±0.18 3 4.05 ±0.16 4.19 
29 28 May 1976 14-05-37.1 4.60 ±0.22 2 4.41 ±0.19 4.70 
30 1 June 1976 07-31-57.7 4.45 +0.18 3 4.14 ±0.16 3.92 
31 6 June 1976 04-19-09.9 4.42 ±0.18 3 4.11 	±0.16 4.15 
32 20 June 1976 23-33-48.1 5.01 ±0.22 2 5.03 ±0.19 5.14 
33 23 June 1976 09-49-32.8 4.58 ±0.18 3 4.26 ±0.16 4.37 
34 8 July 1976 23-35-37.4 4.55 ±0.18 3 4.28 ±0.16 4.29 
35 22 Sept. 1976 21-49-41.4 4.62 ±0.18 3 4.30 ±0.16 4.66 
36 17 Oct. 1976 03-25-33.0 4.53 ±0.18 3 4.25 ±0.16 4.36 
37 18 Oct. 1976 21-01-48.3 4.43 ±0.18 3 4.30 ±0.16 4.29 
38 28 Nov. 1976 1 	20-39-37.5 4.49 ±0.22 1 	2 	11 4.22 ±0.19 1 4.27 
Table 7.4. The mean observed magnitude, ñi and the mean source-corrected mag-
nitude, ñi for the 38 earthquakes for which fault plane solutions were obtained in 
chapter 4. The error bounds are the 95% confidence limits estimated using the method 
of least squares. N is the number of magnitude readings used to estimate the mean 
magnitudes. 
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Observed Magnitudes Source-Corrected Magnitudes 
Variance of a single observation 	0.0247 	 0.0188 
Total degrees of freedom 	 81 81 
Sum of squares due to stations 	3.7015 	 3.4107 
Degrees of freedom 	 3 3 
Mean square due to stations 	 1.2338 	 1.1369 
Significance level 	 < 0.1% < 0.1% 
Sum of squares due to events 9.0977 9.3654 
Degrees of freedom 37 37 
Mean square due to events 0.2459 0.2531 
Mean event size, fn 4.451 4.202 
Table 7.5. Comparison of the statistical parameters from the least squares analysis 
of the observed magnitudes and the source-corrected magnitudes. 
Array Observed Magnitudes Source-Corrected Magnitudes 
Station N Station Term N Station Term 
GBA 31 -0.241 ±0.052 31 -0.190 ±0.045 
EKA 34 0.186 ±0.049 34 0.225 ±0.043 
YKA 38 0.154 ±0.047 38 0.119 ±0.041 
WRA 1  19 1 	-0.098 ±0.063 	11 19 -0.154 ±0.055 
Table 7.6. Analysis of variance showing that the station terms from both datasets are 
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Figure 7.3. Scatter plots comparing (a) ñi and 	and (b) n (mb(CORR)) and mb'.  The line shown has a slope of unity. 
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Figure 7.4. Scatter plots comparing (a) n4 and mm and (b) n4' and m m . The line shown has a slope of unity. The error bars in 
(b) represent the 95% confidence limits estimated by the least squares analysis. 
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7.5.3 Discussion 
Figure 7.3 shows that correcting for the radiation pattern generally reduces the mean 
magnitude relative to that estimated by the ISC. This is also shown by the mean 
disturbance size, which is reduced from 4.451 to 4.202 (table 7.5). 
Figure 7.4 shows plots of fno and ñz versus mr,  and indicates that the radiation 
pattern correction reduces the scatter about the line with a slope of unity. This suggests 
that the corrected magnitudes are related directly to the magnitudes estimated using 
the maximum likelihood method. Regression analysis produces the following linear 
relationship between the source—corrected magnitude and that estimated using the 
maximum likelihood method: 
finG = 0.78m + 0.88. 	 (7.5) 
This supports the hypothesis that the maximum likelihood method accounts in some 
way for the source radiation pattern effect by eliminating the bias introduced by the 
station detection threshold. If smaller magnitudes are removed (Mb > 4.2) the linear 
relationship becomes: 
fnC = 0.88mr + 0.41. 	 (7.6) 
Removing small magnitude earthquakes, m, < 4.2, may account in some way for the 
error in the formulation of m m  which is expected to over—estimate magnitudes near 
the detection threshold. 
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7.6 Correcting Body Wave Magnitude for Attenuation 
Effects 
7.6.1 Introduction 
Since an independent estimate of the anelastic attenuation has been made in chapter 5, 
it is possible to correct for the anelastic attenuation by assuming that the P pulse is 
monochromatic (this approximation is possible as narrow-band instruments are used 
to estimate body wave magnitudes). A more exact method is to deconvolve the appro-
priate attenuation operator, and then to measure the amplitude and period from the 
resulting SP seismogram. However, the deconvolution of SP waveforms is very unsta-
ble in the presence of noise. One way of overcoming this is to follow the method used 
in section 5.4.3 and convert the SP instrument to a broadband response. Measuring 
the amplitude and period of the P pulse from a broadband instrument would then 
give a magnitude estimate. However, the number of seismograms that could be used 
to estimate the magnitude would be greatly reduced, as only the SF waveforms with 
a large signal-to-noise ratio can be used to produce reliable deconvolved 'phaseless' 
broadband seismograms. 
A simple method of correcting the amplitude for attenuation is derived, by taking 
advantage of the narrow-band nature of body wave magnitude estimates and assuming 
that the anelastic attenuation is independent of frequency (a valid approximation over 
such a narrow frequency band). 
7.6.2 An Approximate Anelastic Attenuation Correction 
If it is assumed that the P phase is monochromatic then the spectral amplitude of the 
P pulse in equation 5.6 is equivalent to the time domain amplitude: 
S = A exp (lrft*) 
	
(7.7) 
where S is the attenuation corrected amplitude, A is the observed amplitude at a single 
frequency f = l/T (corrected for the radiation pattern and instrument gain), and t 
is the appropriate value for the path from the epicentral region to the receiver. Taking 
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Source-Corrected m, Attenuation-Corrected mj 
Variance of a single observation 	0.0188 	 0.0182 
Total degrees of freedom 	 81 81 
Sum of squares due to stations 3.4107 1.3983 
Degrees of freedom 3 3 
Mean square due to stations 1.1369 0.4661 
Significance level < 0.1% < 0.1% 
Sum of squares due to events 9.3654 9.0125 
Degrees of freedom 37 37 
Mean square due to events 0.2531 0.2436 
Mean event size, fn 4.202 4.308 
Table 7.7. Comparison of the statistical parameters from the least squares analysis 





Source-Corrected m, Attenuation-Corrected Mb 
N Station Term N Station Term 
GBA 0.10 31 -0.190 	±0.045 31 -0.128 ±0.044 
EKA 0.00 34 0.225 ±0.043 34 0.120 ±0.042 
YKA 0.05 38 0.119 	±0.041 38 0.102 ±0.041 
WRA 0.10 1 	19 -0.154 ±0.055 19 -0.094 ±0.054 
Table 7.8. Analysis of variance shows that, although reduced by the correction for 
the attenuation, the station terms, s2 , are still highly significant. The estimated station 
terms are shown with 95% confidence limits. 
logarithms of base ten: 
log S = log A + lrt*f log e. 
	 (7.8) 
t,, the estimate of the mean attenuation for the path to each array station from 
the epicentral region (estimated in chapter 5) can be thought of as the sum of the 
values of t' for each region the P phase passes through. Since t is additive, only 
the differences in estimated C' between stations need be used to correct the observed 
amplitude for attenuation. The values of t used to correct the amplitude using the 
relationship in equation 7.8 are shown in table 7.8. No correction was applied to EKA 
as this path has the lowest estimated value of t. 
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Variance of a single observation 
Total degrees of freedom 
Sum of squares due to stations 
Degrees of freedom 
Mean square due to stations 
Significance level 
Sum of squares due to events 
Degrees of freedom 
Mean square due to events 
Mean event size, ñ 






















Table 7.9. Statistical parameters from the least squares analysis of magnitudes esti-





Source-corrected log A Attenuation-corrected log A 
N Station Term N Station Term 
GBA 0.10 31 -0.177 ±0.047 31 -0.115 ±0.045 
EKA 0.00 34 0.209 ±0.045 34 0.105 ±0.044 
YKA 0.05 38 0.108 ±0.043 38 0.091 ±0.042 
WRA 0.10 19 1 	-0.141 	±0.057 19 -0.081 ±0.056 
Table 7.10. The station terms are reduced by applying an attenuation correction. 
However, analysis of variance shows that the station terms are highly significant. The 
estimated station terms are shown with 95% confidence limits. 
7.6.3 Results 
Tables 7.7 and 7.8 show the statistical variables and the station terms from the least 
squares analysis using the source-corrected magnitude data obtained in section 7.5 and 
the magnitudes corrected for the effect of t using the relationship in equation 7.8. 
The magnitudes corrected for attenuation have almost the same variance for a single 
observation as the source-corrected magnitudes, indicating that the 95% confidence 
limits are not reduced by the attenuation correction. The mean square due to the 
stations is reduced significantly at the 25% level with only three degrees of freedom. 
However, the station terms are still highly significant. The range of the station term 
has been reduced from [-0.190, +0.225] to [-0.128, +0.120] magnitude units. 
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7.6.4 Discussion 
Correcting a pulse for attenuation increases the amplitude and reduce the period. This 
means that the calculation of attenuation-corrected magnitudes, based on log(A/T), 
using the single frequency approximation is not valid if the period of the P phase is 
reduced significantly. If the period of the attenuation-corrected P pulse is unknown, 
then a least squares analysis using values of log A instead of magnitude is a valid 
way of examining whether the station terms are really reduced by correction for the 
attenuation. 
Tables 7.9 and 7.10 show the results of the analysis using log A. The mean square 
due to the stations is reduced significantly at the 22.5% level, and the individual station 
terms are still highly significant. 
7.7 Conclusions 
• The mean body wave magnitude, 	has been calculated for 55 earthquakes in 
the 1976 Gazli sequence using the P phase identified on the SP array waveforms. 
Analysis using a least squares Joint Magnitude Determination method allowed 
95% confidence limits and station terms to be estimated. 
• Analysis of variance shows that the station terms are highly significant. 
• Synthetic seismograms, generated using an isotropic source, were used to examine 
the magnitude bias effect of the crustal structure at the receiver. The effect was 
found to be small for published array structures (.-' 0.01 magnitude units). 
Analysis of variance showed that the effect of noise on the estimated body wave 
magnitudes is not significant for earthquakes in the 1976 Gazli sequence. 
• The values of fn o are corrected for the effect of the radiation pattern for 38 
earthquakes to obtain a new magnitude ñ. The correction reduces the scatter 
in the observations and is statistically significant at the 11% level. 
• The radiation pattern correction modifies the individual station terms, suggesting 
that there is a small systematic radiation pattern effect. The results suggest that 
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on average the P phase recorded at EKA has a systematically smaller amplitude 
than that recorded at YKA, WRA and GBA. 
. The radiation pattern correction does not significantly reduce the variance of the 
station terms for the array station network. 
. A correction for the effect of anelastic attenuation was applied to the estimates of 
ih. The station term was reduced by nearly a factor of two at each of the four 
array stations. Analysis of variance shows that the correction is significant at the 
22.5% level. The remaining station terms are statistically highly significant. 
It is suggested that the remaining station term is attributable to a combination 
of focusing and defocusing effects near the receiver, errors in the instrument gain 
calibration, and errors in the B(L) calibration curve. 
A regression of ñi against mr  shows that the two magnitude estimates are 
linearly related. This suggests that the statistical formulation of the maximum 
likelihood magnitude contains a crude radiation pattern correction. 
Chapter 8 
Conclusion 
The study of the Völkershausen seismic disturbance of 13 March 1989 in chapter 3 
demonstrates that the relative amplitude method is a powerful single source discrim-
inant. The method relies on the correct identification of the surface reflections pP 
and sP. Usually this is difficult if the depth of the disturbance is unknown, or a 
multiple disturbance mechanism is suspected. However, analysis of synthetic vertical-
component long period Rayleigh wave seismograms in the frequency domain shows that 
amplitude spectra from 450  dip slip faults are a powerful depth discriminant. Unfortu-
nately, theoretical analysis shows that long period Rayleigh waves from vertical faults 
are unable to resolve the source depth in either the frequency or time domains. The 
short period Rayleigh wave phase, R9 , is potentially an excellent depth discriminant, 
as R9  excitation decreases dramatically for source depths greater than 3 km (Ruud 
et al 1993). However, the greatest distance at which R9 has been observed is 600 km 
(Btth 1975), which means that regional and local observations are necessary. No R9 
phase was observed from the Völkershausen disturbance in the distance range 100 to 
600 km, suggesting that the source depth was greater than 3 km, and therefore not 
caused by a near-surface multiple mine collapse. 
The main conclusion of the study of the earthquakes in the 1976 Gazli sequence 
(chapters 4 and 5) is that P waves recorded at teleseismic distances can be used to 
determine moment tensor solutions for disturbances as small as 4-Om,. For magnitudes 
this small high quality observations are essential. The waveform data from short period 
medium aperture arrays provided the quality of data needed for this type of study. 
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The relative amplitude method is the only one that allows source-dependent waveform 
features to be utilised in full, while retaining a robust treatment of errors. If the 
Gaussian relative amplitude method is used in combination with the relative amplitude 
method, the result is a powerful methodology that provides a 'best-fit' solution with 
an independent estimate of the uncertainty in that solution. 
Converting the short period array waveforms to 'phaseless' broadband (PBB) wave-
forms using a Wiener filter to suppress microseismic noise proved to be an effective way 
of examining the source-time function of 21 earthquakes in the 1976 Gazli sequence. 
The rise time of the PBB P pulse provided a robust method of determining the maxi-
mum amount of attenuation along the path to each array station. The anelastic atten-
uation estimated using a spectral technique was found to be small, with QAV '-' 2000 
for paths to YKA, EKA and WRA, and '-' 1000 for that to GBA. The results from 
the rise time and spectral methods are consistent. However, for small teleseismically 
recorded disturbances, the rise time method is more reliable as fewer assumptions are 
made about the source. 
A robust method (developed in chapter 5) that utilises the area under the P and pP 
pulses on deconvolved PBB seismograms, allows the scalar moment, M0 , and hence full 
moment tensor solutions, to be estimated for small earthquakes recorded at teleseismic 
distances (Mb  [4.0, 5.2]). The moment tensor solutions are for earthquakes an order of 
magnitude smaller than any previously obtained by analysing teleseismically recorded 
waveform data. 
The earthquakes in the 1976 Gazli sequence provided an excellent opportunity to 
examine how measured body wave magnitudes are dependent on path and radiation 
pattern effects. The analysis in chapter 7 shows that correcting for the radiation 
pattern effect significantly reduces the variance of the observed body wave magnitudes, 
and that the anelastic attenuation correction significantly reduces the station term. 
This suggests that there is bias in measurements of body wave magnitude from 45° dip 
slip reverse faults, and that this bias can be corrected if the focal mechanism and path 
effect are known. 
Appendix A 
The Moment Tensor, M 
A.1 Moment Tensors for Double Couple Sources 
A.1.1 Defining the Fault Plane 
The nine principal couples shown in figure 2.1 can be expressed by the moment tensor, 
M, which has six independent variables. The moment tensor for a double couple can be 
expressed in terms of the scalar moment, M0 , and three angles defining the orientation 
of the fault plane or the auxiliary plane (the two are indistinguishable as the moment 
tensor representation used is for a point source). Following Aki & Richards (1980, p. 
114) the three angles are defined as the strike, 0. [00,  360°], the dip, 0 [00,  900] and the 
rake, A [-180 0 , 180°]. The six independent moment tensor components, expressed in 
the (x, y, z) coordinate system (North, East, Down) of Aki & Richards (1980, p.  117) 
are: 
Mxx = 	—Mo (sin Ocos A sin 24 + sin 20 sin A sin 2  4) 
= M0 (sin 0 cos A cos 20, + 0.5 sin 20 sin A sin 24) = 
M. = 	—Mo (cos0cosAcos 3 +cos20sinAsin&) = 
MVY = Mo(sinOcosAsin2ç53 - sin29sinAcos2&) 
= 	—Mo (cosOcosAsin4 3 —cos20sinAcos 3 ) = 
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Conventionally, published moment tensor solutions, such as those from the centroid 
moment tensor (CMT) method (Dziewonski et al 1981), are expressed in the (r, A, ) 
coordinate system, with directions at the source (Up, South, East). Following Aki & 
Richards (1980, p.  118) the (x, y, z) and the (r, L, ) coordinate systems are related 
by: 
( Mrr Mrt Mr / —M 
I Mr M J MOO = _ M . 	(A.7) Mç r Myz  _MYX MYY) 
An alternative way of expressing the orientation of the fault plane is using the coor-
dinate system of Pearce (1977, p.  384), which defines the orientation of the fault plane 
using three angles, the strike o [0°, 360°], dip (5 [0°, 180°] and slip 0 [0°, 180°] with 
reference to the X cartesian axis system, (X 1 , X2 , X3). The X 1 axis is perpendicular 
to the fault plane, the X 3 axis corresponds to the slip vector, u, in the fault plane, 
and the X 2 axis corresponds to the null axis common to both the fault plane and the 
auxiliary plane. This coordinate system is perhaps more sensible in that a reverse fault 
has a dip, 5 [90°, 1800], signifying that the fault plane is overturned (i.e. the fault is 
compressional rather than extensional). An aesthetic advantage of the Pearce (1977) 
coordinate system is that the limits of dip and slip are equivalent, enabling convenient 
display of numerous fault plane solutions using a vectorplot (figure 2.3). 
A.1.2 Transforming Coordinate Systems 
One method of transforming from the (r, A , ç) coordinate system to the X coordinate 
system involves several logical steps based on a knowledge of the fault orientation. 
Table A.1 shows how the strike, dip and slip/rake angles vary for a variety of fault 
orientations in the two coordinate systems. In the (r, A, 4) coordinate system a reverse 
fault is indicated by the rake ()) being positive. In the system of Pearce (1977) a 
reverse fault is indicated by the dip ((5) being in the range [90°, 180°]. By convention 
the dip direction is to the right of the strike vector, so for reverse faults, the strike 
vector in the Pearce (1977) system needs to be in the opposite direction to that of the 
(r, A, 0) system (i.e the strike vector is rotated by 180° about the vertical). 
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Fault Type 
(Northerly Strike) 
Aki & Richards (1980) Pearce(1977) 
& 9 A a 
Vertical normal 3600 900 -90 0 3600 900 900 
45° dip normal 3600 450 900 3600 450  900 
450 dip reverse 3600 450  900 1800  1350  900 
Vertical sinistral 3600 900 1800 3600 900 00 
Vertical dextral 3600  900 00  3600 900 1800 
Oblique slip reverse 3600 450 1350 1800 135 0  450  
Oblique slip normal 1 	3600 450 -135° 1 	3600 1 	450 450 
Table A.1. Strike, dip and slip/rake angles for northerly striking fault types expressed 
in the coordinate system of Aki & Richards (1980) and that of Pearce (1977). 
In the X coordinate system of Pearce (1977) the slip direction (u) is the motion 
of the footwall block relative to the hanging wall block. In the (r, L, ) coordinate 
system the slip direction, indicated by the rake angle, A, is the direction of motion of 
the hanging wall relative to the footwall (i.e. —u). This means that a dextral shear has 
a rake, A = ±180° but a slip, b = 0°. Conversely a sinistral shear has a rake, A = 0° 
but a slip, i 180° (table A.1). 
A.2 Moment Tensor Decomposition 
A.2.1 Introduction 
This section describes the theoretical background used to develop a computer pro-
gram, MTTK, written in FORTRAN at Edinburgh. The program calculates the dip, 
slip, strike, T and k values (see chapter 2), given a moment tensor, M, in either the 
(x, y, z) or the (r, A , ) coordinate system of Aki & Richards (1980). The program also 
computes the orientation of the axes of maximum, intermediate and minimum moment, 
and the value of the scalar moment, M0, for the 'best double couple' as it is calculated 
in the CMT method. 
As was described in chapter 2, the eigenvalues (A 1 , A2 , A3) of the moment tensor 
relate to the source type, and the three eigenvectors (v 1 , v2,  v3) relate to the orientation 
of the source. On input the computer program prompts for a scaling factor for M0 , and 
then asks for the six independent moment tensor components in either the (x, y, z) or 
(r, A , 0) coordinate systems. The program then converts the input components to the 
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(r, A , j,) coordinate system using the relationship in equation A.7. The eigenvalues and 
eigenvectors of the moment tensor are found using NAG library subroutine F02ABF. 
A.2.2 Source Type Parameterisation 
The source type parameters, T and k (see figure 2.2), are defined in equation A.8. The 
decomposition of the moment tensor, M, into a source type part and a part dependent 
only on the orientation of the source was proposed by Hudson et al (1989). Equation A.8 
is obtained by diagonalising M with reference to the X coordinate system. The values 
of T and k are calculated within the program using a subroutine written by R. G. Pearce 
and R. M. Rogers which requires the eigenvalues of the moment tensor as input. 
min (2,2-T) 	0 	0 	2 0 0 
M = (1 - IkI) 	0 	max(-2, -(2 + T)) 0 	+ k 0 2 0 . (A.8) 
0 	 0 	T 	002 
Other authors have proposed ways of expressing the non-double couple componen-
t of moment tensors obtained from whole waveform inversion methods, such as the 
centroid moment tensor method (Dziewonski et al 1981), in which the volume change 
component, k, is constrained to be zero (i.e. A 1 + A2 + A3 = 0). One such parameteri-
sation that is commonly used is that of Giardini (1984): 
A 2 
(A.9) 
max(IA1I, 1A3 1) 
where A ~! A2  ~! A3 are the ordered elgenvalues of M. The parameter is zero in the 
case of a double couple and ±0.5 in the case of the compensated linear vector dipole 
source. 
Frohlich (1994) defines the fraction of non-double couple component, 2fclvd,  as twice 
the ratio of the moment tensor eigenvalues having the smallest and largest absolute 
value: 
2f1d = 2 min(IAiI, 1A21, P31) 	 (A.10) 
max(IA1I, 1A 2 1, 1A31) 
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A.2.3 Orientation of the Source 
The angles used to define the orientation of a fault plane in the X coordinate system 
were described in section A.1. For a non-double couple source these angles (dip, slip 
and strike) cease to have a physical meaning in terms of the orientation of a shear 
failure plane. However, the dip, slip and strike angles do define the orientation of the 
X2 X3 plane (the fault plane for a double couple) and the orientation of the X 1 X2 plane 
(the auxiliary plane for a double couple). I shall refer to the X 2 X3 plane as the 'fault' 
plane and the X 1 X2 plane as the 'auxiliary' plane. 
To transform the matrix containing the elgenvectors, V (the axes of minimum, 
intermediate and maximum moment) into the X coordinate system of Pearce (1977) it 
is necessary to define a matrix X which contains the vectors defined by the cartesian 
axes in the X coordinate system. X is the matrix of eigenvectors, V, rotated by 45° 
about the intermediate moment axis (which is identical to the eigenvector v 2). The 
rotation is performed by post-multiplying the matrix containing v 1 and V3 by a 2 x 2 
rotation matrix, R. Where for a rotation angle t9 = 45° R is: 
	
( cost - sine
i 	\ 
- 
R 	 I. 	(A.11) 
)(
= 
= sin O 	cosi9 	 1 1 
The eigenvectors on output from the NAG library subroutine do not necessarily 
form a right-handed coordinate set. The eigenvectors are re-arranged in the correct 
directions by examining the sign of the 	component of the moment tensor (equa- 
tion A.6). If the 'fault' is normal then 	is always negative and x1 (and hence v1) 
points downwards. This way of correcting the eigenvectors fails if 	= 0, which 
occurs if the 'fault' plane is horizontal or vertical (0 = 0° or 90°), or if the 'fault' is a 
pure sinistral or dextral shear (A = 0° or ±180°). 
The dip of the 'fault' is the angle between a vertical vector, z, and the x1 vector. 
The angle between the two vectors is found by solving the vector dot product of x1 
and z. The strike vector, s, is perpendicular to both the xj vector and the vertical 
vector z (i.e. the vector cross product of x1 and z). The strike angle is then the angle 
between a northwards pointing horizontal vector and the strike vector. The slip angle 
is that between the strike vector, s, and the slip direction, u(= x3). The program then 
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calculates the dip, slip and strike angles for the plane orthogonal to that originally 
chosen -(the 'auxiliary' plane) by swapping x 1 and x3 , so that the original slip vector 
is then the vector perpendicular to the plane. 
Horizontal 'Faults' 
If the 'fault' is horizontal then the strike direction is not defined as the plane does not 
intersect the horizontal surface. Both x2 and X3 are horizontal. I follow the convention 
used by Aki & Richards (1980) and set the rake to zero. The strike is then defined as 
the direction of the slip vector (x3), which may not be in the correct direction on exit 
from the NAG library subroutine used to obtain the eigenvectors. The true direction 
Of X3 is found by examining the sign of the moment tensor components 	and 
(equations A.3 and A.5) which for a horizontal 'fault', following the convention adopted 
= 0°,9 = 0°), simplify to: 
= — Cos q53 	 (A.12) 
= - sin 0S . 	 ( A.13) 
From which it is possible to work out the direction of the strike/slip vector and hence 
the angle A by considering which quadrants the moment tensor components M,, and 
have positive and negative values. 
Vertical 'Faults' 
For vertical 'faults' (9 = 90°), the 'fault' can be either reverse or normal. Again I 
follow the convention of Aki & Richards (1980) which is that the rake, A, is positive for 
vertical dip slip 'faults'. This convention is based on the assumption that the footwall 
is the down dropped block, and the strike direction is that for which the hanging wall is 
on the right. This means that the direction of x1 is defined, so both the dip and strike 
can be found. However, the direction of the slip vector, x3, needs to be determined 
so that the rake angle, A, is correct. This is done by examining the sign of the M yy 
component (equation A.4), which is directly related to the rake angle. 
- From equation A.6, 	= 0 if the rake, A is 0° or ±180°, corresponding to pure 
strike slip 'faults'. Since a 'fault' with A = +180° is identical to a 'fault' with A = —180°, 
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the convention I adopted is that for a dextral strike slip 'fault' the rake is positive. This 
convention defines the direction of the x 1 vector so that the strike and dip are then 
known. The value of the rake is then determined by examining the sign of the M2 
component (equation A.5). 
A.2.4 Scalar Moment, M0 
The computer program also calculates the 'best double couple' of the CMT method 
(Dziewonski et al 1981). This 'best double couple' is the strike, dip and rake angles 
calculated for the two orthogonal planes, and an estimate of the scalar moment, M0 . 
According to Dziewonski et al (1981) this is the average of the two extreme eigenvalues: 
M0 = ( IA1I + IA3 1)/2. 	 (A.14) 
The 'best double couple' of Dziewonski et al (1981) does not represent the 'best-fit' 
double couple, as no inversion is performed with the intermediate eigenvalue, A 2 , set 
to zero, and the constraint that Al = -A3 (i.e. a pure double couple). 
A.2.5 Computer Program MTTK 
The program was written for use with a UNIX operating system utilising the standard 
input and standard output. The program can be used either in an interactive mode or 
in batch mode as the example below shows. Output is to the terminal by default, but 
can be easily captured and re-directed to a file. 
For example, to run the program in batch mode using the moment tensor compo-
nents - published in the CMT catalogue for the earthquake of 6 September 1982, origin 
time 01-47-7.0 and epicentre latitude 29.3° N, longitude 140.5° E. The following should 







% Start MTTK 
h Scaling factor 
% CMT notation 
% Moment tensor components 
% Confirm correct input 
'I. End MTTK 
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This produces the following output from MTTK: 
Program to calculate dip, slip angle, strike, T and k given the six moment 
tensor components either in the CMT notation (a, DELTA, PHI) 
coordinates or XYZ notation. 
The program gives the orientation of the fault and auxiliary planes 
in the notation of Pearce(1977). 
Enter the scale factor for M, 10**ISCALE [default: 0 ] > 26 
CMT notation (1) or XYZ notation (2)? 1 
Type in Mrr, Mtt, Mpp, Mrt, Mrp, Mtp 
-0.44, 0.19, 0.25, -0.74, -1.06, -1.31 
Matrix looks like this in (DELTA I PHI,Ft) - 
	
0.19000 	-1.31000 	-0.74000 
-1.31000 0.25000 -1.06000 
-0.74000 	-1.06000 	-0.44000 
Is it correct? 
y 
Eigenvalues in ascending order: 
-2.0823 	 0.5107 	 1.5716 
Eigenvectors: 
0.5345 	 0.5797 	 0.6150 
-0.5642 -0.2970 0.7703 
0.6293 	-0.7587 	 0.1683 
Axis vectors after transforming to RAMP notation: 
-0.0670 	 0.9464 	 0.3158 
-0.5642 -0.2970 0.7703 
0.8229 	-0.1266 	 0.5539 
Dip and strike of T axis (minimum compressive stress):( 9.6908, 50.3296) 
Dip and strike of I axis (intermediate or null axis) :( 50.3848, 152.2359) 
Dip and strike of P axis (maximum compressive stress):( 37.9524, -47.3244) 
These correspond to the sigmal, sigma2 and sigma3 axes respectively, but 
they assume that the fault plane bisects the right angle between sigmal 
and sigma3 - not in general true! 
Planel 	I 	Plane2 
Rake (lambda) in CMT notation: 	 -157.7060 -35.7174 
Dip of fault plane (theta) in CMT notation: 	56.3647 	71.5880 
Strike of fault plane (phi s) in CMT notation: 98.7453 355.9502 
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Parameters in RAMP/BIGE notation: 
	
Planel 	 I 	Plane2 
Slip angle (psi) = 22.2940 144.2826 
Dip (delta) 	= 56.3647 	 71.5880 
Strike (sigma) = 98.7453 355.9502 
Proportion of constant volume component (T) = 0.491 
Proportion of volume change component (k) = 0.000 
Scalar moment = 1.8E+26 dyn cm 
Another? (yin) 
Goodbye from MTTK 
Known Bugs 
The directions of the minimum, intermediate and maximum moment axes (P, T and I 
axes) are correct, but no attempt has been made to order the axes into a right-handed 
coordinate set. This means that the dip and strike indicated by the program may not 
always correspond with those published in the CMT catalogue. 
Input to the program is a little clumsy. An upgrade is planned that will include 
another program (that has been written and tested by the author) that calculates the 
moment tensor components given the source orientation and source type parameters. 
It is hoped that this upgrade will include a menu driven system for interactive use and 
a keyword system for batch mode use. 
Portability of the program is limited by the use of the NAG library subroutine 
to find the eigenvectors and eigenvalues. However, similar subroutines are commonly 
available (Press, Teukolsky, Vetterling & Flannery 1992). 
Applications of the Computer Program MTTK 
One use of this computer program will be in converting moment tensor solutions ob-
tained from the relative amplitude method and from the Gaussian relative amplitude 
method into the coordinate system of Aki & Richards (1980) so that direct comparison 
with published results is possible. 
In the above example the value of T = 0.49 indicates that the mechanism has 
a large deviatoric non-double couple component. The volume change component, k, 
is constrained to be zero in the CMT method. Only recently have inversion methods 
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been developed that are able to constrain the volume change components of the moment 
tensor using teleseismic body waves (Vasco & Johnson 1989). 
The program has been applied to the CMT catalogue, which contains over 10,000 
moment tensor solutions, so that the source type parameter, T, can be obtained and a 
mean non—double couple component estimated. Preliminary results from this analysis 
show that the mean of the modulus of the deviatoric component, ITI = 0.30. The 
result suggests that a large number of CMT solutions in the catalogue have a significant 
non—double couple component, which may introduce a bias into the orientation of the 
'best double couple' of the CMT method. The result from this preliminary analysis is 
consistent with the findings of Frohlich (1994). 
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